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settings, porphyry copper and gold deposits, gemstones, unconventional metallic deposits, industrial
minerals, skarns and volcanogenic massive sulphides.
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ABSTRACT

Tectonic and structural features of arc deposits can be helpful to the exploration geologist in
understanding the distribution and complexity of deposits. Nevertheless, especially in ancient terranes,
key tectonic and structural features can be difficult to determine, hence workers often ignore their
importance. This talk will consider some tectonic and structural features of arc and other consumptive
plate margin deposits and their bearing on exploration.

Arcs are chains of volcanoes that sit above subduction zones along consumptive plate margins in both
oceanic and continental margin settings. Arcs can be compressional, extensional, or neutral. Each of
these structural states leads to distinctive tectonic settings that control the formation of different types
of mineral deposits with different geological features and metal contents. Moreover, some atypical arc
and other consumptive plate margin environments were probably of particular importance in the
formation of some giant deposits.

In both compressional and neutral arc settings, during and closely following constructive arc volcanism,
characteristically porphyry Cu and Au deposits form in the root zones and high- and low-sulphidation
epithermal Au(-Ag) deposits form near the tops of andesitic stratovolcanoes (e.g., Batu Hijau, El
Teniente, and La Coipa). Such deposits are typically aligned along the traces of former arcs (e.g., the
various porphyry belts in northern Chile and southern Peru). Nevertheless, the same deposit types can
form in similar volcanic and subvolcanic settings but the deposits are aligned along markedly transverse
structures at high angles to the main volcanic arcs (volcanic fronts) (e.g., Bajo de la Alumbrera, Agua
Rica, Butte, and Zortman-Landusky). In some cases the transverse trends might be related to the
transform fault edge of a flat subducting slab or to the subduction of buoyant aseismic ridges.

In arcs under extension intra-arc rifts can develop and if the rifting is successful deep back-arc rifts can
form, both of which are favourable sites for the formation of volcanogenic massive suphide (VMS)
deposits. Kuroko-type VMS deposits related to submarine bimodal felsic and mafic volcanism form in
intra-arc to back-arc settings during the dismemberment of arcs (e.g., Hokuroku district and Eskay
Creek) and Besshi- and Cyprus-type VMS deposits related to submarine mafic volcanism form in
successful back-arc rifts.

An atypical arc environment that could be favourable for the formation of bulk-mineable Au(-Ag)
deposits is where oceanic spreading ridges intersect arcs at high angles closely following subduction
(e.g., Ladolam and Misima). Also some porphyry Cu-Au and epithermal deposits evidently formed in
collision zones closely following termination of subduction in areas with hot metasomatized mantle
(e.g., Grasberg and Porgera). Other environments that could be favourable for porphyry Mo and



epithermal Au(-Ag) deposits related to bimodal and calc-alkalic volcanism is areas of slab windows and
gaps developed following subduction where spreading ridges intersect subduction zones (e.g.,
McLaughlin and Kitsault).

Important structural features of deposits can be of two types: those synchronous with magmatic activity
(e. g., controlling magmatism, vein orientation, and alignment of deposits along faults) and post-ore
structures that severely disrupt and displace deposits. The concern in this talk is mostly with post-ore
structures that disrupt the deposits but also can preserve them. Some deposits have undergone
penetrative deformation with strong stretching lineation and flattening fabrics and some are cut by
thrust faults that have juxtaposed divergent mineral and alteration types (e.g., Sulphurets area, British
Columbia). Many parts of the American and Canadian Cordillera, and probably elsewhere, have suffered
extension which has tilted and dismembered deposits. In places the tilting has partly protected the
deposit from erosion (e.g., San Manuel-Kalamazoo, Ajo, Hall, Ely, Yerington, Endako, and Clark Lake at
Chibougamau, Quebec) but in other areas it has completely dismembered the deposits, parts of the
deposits being eroded away and other parts being displaced and buried (e.g., Sacaton-Santa Cruz).
Knowledge of such deformation and disruption can be useful in exploration and should caution against
premature judgement of the geometry and orientation of deposits during the early stages of
exploration.



Introduction

Ten to twenty years ago many people addressed the subject of the relationship of mineral deposits and
tectonics but in recent years work in this area has slowed. Some reasons for this decline are that
relationships are complex, understanding of tectonic and magmatic processes in continental areas along
active plate margins is still incompletely understood, settings of large deposits do not appear to be unique,
and applications to old terranes is difficult, if not impossible. Nevertheless, tectonic, magmatic, and
hydrothermal processes are fundamental to the formation of many of the world’s great ore deposits and we
should continue to strive for a better of understanding of the processes involved. In this talk I will attempt
to discuss tectonic settings and transitions from one tectonic setting to another along consumptive plate
margins and their relationships to ore formation and to subsequent structural disruption of deposits.
Effective application of mineral deposit models to exploration requires a good understanding of these
subjects. In this talk I will take the broad view examining many environments along consumptive plate
margins not restricting the discussion to well-documented volcanic arcs.

Definitions

Backslip is reverse motion on a subduction zone and possibly occurs during periods of transtension
between converging plates or possibly during the formation of microplates near triple junctions (adapted

from Ward, 1991).

Batholith is a large, generally discordant plutonic mass that has more than 100 km? of surface exposure and
no known floor. Its formation is believed by most investigators to involve magmatic processes (Bates and

Jackson, 1987).

Bonanza gold deposits are those containing greater than 30 metric tonnes of gold averaging at least 30 g/t
(1 oz/t) (Sillitoe, 1993).

Giant gold deposits are those containing greater than 200 metric tonnes of gold (Sillitoe, 1993).

Major batholith is similar to a batholith but has a surface exposure in the order of 10 000 km? or larger and
is aggregate of several intrusions (Ward, 1991).

Metamorphic core complexes are a group of generally domal or archlike, isolated uplifts of anomalously
deformed, metamorphic and plutonic rocks overlain by a tectonically detached and distended

unmetamorphosed cover (Coney, 1980).

Slab gap is a larger, more irregular-shaped slab-free region developed when a spreading ridge and young
oceanic crust intersect a subduction zone (Severinghaus and Atwater, 1990).

Slab window is a triangular slab-free region developed when a spreading ridge intersects a subduction zone
(Dickinson and Snyder, 1979).

Volcanic arc is a generally curved linear belt of volcanoes above a subduction zone, and the volcanic and
plutonic rocks formed there (Bates and Jackson, 1987).

World-class copper deposit is a supergiant or giant copper deposit that is clearly economic.
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COPPER DEPOSIT SIZE GROUPS

Tonnes Contained Cu Metal Group
>50 000 000 Supergiant
10 000 000 to 50 000 000 Giant
1 000 000 to 10 000 000 Large
100 000 to 1 000 000 Medium
10 000 to 100 000 Small
1000 to 10 000 Very Small

Some Considerations

Volcanic and plutonic arcs are not necessarily the same.

Major batholiths do not appear to be the root zones of andesitic stratovolcanoes.

Some, if not most, major batholiths appear to form in extensional consumptive plate margin settings related
to “continental volcanism” (Ward, 1991).

Conclusions

b

Consumptive plate margin, including arc environments are diverse and can change dramatically in a
short period of time (less than a million years) resulting in many different ore-forming settings.

Important porphyry Cu (Au, Mo), Cu-Au, Au, and Mo deposits and epithermal Au (Ag) deposits form in
andesitic stratovolcano environments characteristic of volcanic arcs.

Kuroko-type VMS deposits form in rifted arcs and Besshi- and Cyprus-type VMS form in successful
back-arc rifts.

Porphyry Cu (Au, Mo), Cu-Au, Au, and Mo deposits; epithermal Au (Ag); Carlin-type Au; manto Pb,
Zn, Ag (Cu, Au); and other (eg., Ag, W, U, fluorite, Fe, REE) deposits form in continental extensional
magmatic belts that can, in part, be related to subduction along consumptive plate margins. These
magmatic belts are not characterized by andesitic stratovolcanoes.

Porphyry Cu, Mo, Au, epithermal Au (Ag); epithermal Hg; and shear-zone hosted Au deposits (abundant
in Precambrian Shield areas) form in slab window and slab gap environments.

Regional extension is common along consumptive plate margins and can severely disrupt deposits but
can also be important in their preservation.




e The great southwestern U.S.A. Laramide porphyry Cu (Mo) cluster, the second most important copper-
producing area in the world, would probably have been eroded away without Basin and Range extension
and preservation under volcanic and sedimentary cover (Livingston et al., 1968)!
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PACIFIC RIM SELECTED PORPHYRY Cu, Cu-Au, and Au, and
PORPHYRY-RELATED EPITHERMAL Au-Ag DEPOSITS*

DEPOSIT AGE CONTAINED COPPER CONTAINED GOLD
(Ma) (millions of metric (tonnes)
tonnes)

Fort Knox 93 - 130
Fish Lake 80 2.5 471
Highland Valley (5 deposits) 205 7.4 -
Zortman-Landusky 2 - 120
Butte 60 17.7 93
Bingham 38 24.0 600
Cripple Creek 28 - 692
Morenci 67 14.0 -
Lone Star 62? 24.4

Cananea 54 13.2 -
Cerro Colorado (Panama) 6 13.3 155
Petaquilla 35 7.4 165
Cuajone 51 5.1 -
Toquepala 52 7.0 -
Collahuasi 15 254 -
Radomiro Tomic 33 44.0 -
Chuquicamata 33 87.0

La Escondida 33 35.0 -
Candelaria 1007 4.4 93
Marte 12 - 62
Lobo 12 - 128
Refugio 22 - 190
Bajo de la Alumbrera 8 3.8 483
Agua Rica (Mi Vida) 4 6.1 265
Andacollo (2 sep. deposits) 105 1.2 63
El Pachon 9 55 -
Los Pelambres 9 15.1 -
Rio Blanco-Los Bronces 6 67.0 -
El Teniente 5 109.0 -
Namosi 6 4.0 130
Emperor 4 - 214
Panguna 35 5.9 631
Ladolam (Lihir) 0.3 - 677
Misima 10? - 77
Porgera 6 - 577
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Ok Tedi i 2.7 350

Grasberg 3 23.4 2340
Batu Hijau 1? 5.6 506
Kelian 20 - 180
Atlas 103 4.1 224
Dizon 2.7 0.7 140
Baguio 3 - 400
Santo Tomas II 14 1.7 213
Far Southeast-Lepanto 1.35 3.6 550
FOR COMPARISON

Witwatersrand (1884-1993 Production) 45068
Bendigo ; - 697
Ballarat - 408
Golden Mile (Kalgoorlie) - 1800
Hollinger-MclIntyre-Coniaurum - 990
Dome - 350
Carlin trend - 3850

* Figures are general, global, in situ, geological resources and include subeconomic as well as economic
resources and past production. Modified after Kirkham (1997).

17




FAR S(lUTHEAST (LEPANTO)
BAGUIO (SANTO TOMAS H)

CERRO COLORADO \

4 i i c
i ) : 7 //
h CUAJONE

BATU HVAU @ TOQUEPALA |
d COLLAHUASI
GRASBERG , I RADOMIRO TOMIC
i CHUQUICAMATA
LA ESCONDIDA
| MARTE-LOBO}
/] REFUGIO
ANDACOLLO
¢/ LA ALUMBRERA

o~
RIO BLANCO- ,
LOS BRONCES 'S PELAMBRES-
EL TENIENTE Q ELOPACHON

PACIFIC RIM SELECTED PORPHYRY Cu, Cu-Au, Au and
PORPHYRY-RELATED EPITHERMAL Au-Ag DEPOSITS

Figurc? 1. Pacific Rim selected porphyry Cu, Cu-Au, Au and porphyry-related epithermal Au-Ag
deposits (modified from Kirkham, 1997).

10

P




- COMPRESSIVE ARC

Figure 2. Compressive and neutral arcs (after Dewey, 1980).
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ADVANCED BACK-ARC RIFTING

Figure 3. Extensional arc (after Dewey, 1980).
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Figure 4. Schematic diagram of different arc types and their related mineral deposits.
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Figure 8. Diagram showing arcs, trenches, spreading and aseismic ridges, and a few young (<10

Ma) porphyry deposits for the southeastern Pacific and South America.
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Figure 9. Diagram showing the relationship of the subduction of the aseismic Juan Fernandez
ridge and a gap in the volcanic arc over a zone of flat subduction zone (after Pilger, 1981) and the
relationship to some important mineral deposits.
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Asthenospheric
Flow

Figure 10. Block diagram illustrating the subduction of a buoyant aseismic ridge.
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; 20-16 Ma peak of Miocene volcanism

16-10 Ma volcanism wanes

10-3 Ma Breccias emplaced

BRECCIAS

~ Figure 11. Diagram illustrating the relationship between volcanism, batholith development, and
the formation of large, breccia-centred porphyry Cu(Mo) deposits in the El Teniente belt, Chile
(after Skewes and Stern, 1994).
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Figure 13. Diagram illustrating the collision of the Ontong Java Plateau with the Manus trench
(after McInnis and Cameron, 1994).
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spreading environments.
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Figure 16. Farallon slab hinge zones 75 to 30 Ma during a period of flat slab subduction in the
western United States: a) after Bird, 1988; b) slightly modified from Bird, 1988.
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{base modified from Bird, 1984, 1988)
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: Figure 17. Diagram showing the location of porphyry deposits formed in the central part of the
North American Cordiliera during a period of relative normal subduction about 70 to 90 Ma.
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Figure 18. Diagram showing the location of deposits formed in the central part of Cordillera
during a period of flat slab subduction about 50 to 70 Ma. Note clustering and transverse trends.
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the transverse 45 to 32 Ma Tuscarora magmatic belt and the location of many major ore deposits.
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Thorkelson, 1996

Figure 20. Block diagram illustrating the formation of a slab window and related magmatism (after
Thorkelson, 1996).
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Figure 21. Diagram illustrating the distinction between a slab window and a slab gap.
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Figure 22. Cenozoic metallogeny of California (adapted from Rytuba, 1996). Arc segments, slab
window (gap), and oceanic spreading ridge settings are present.
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Figure 23. Diagram illustrating tectonic settings and mineral deposit 50 - 55 Ma in the
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Figure 24. Three dimensional prespective of the subducted slab under North America about 30 Ma
trying to illustrating Ward’s (1991) concept of a transtensional environment for the large Sierra
Madre Occidental batholith and extensive caldera ignimbrite province. Similar transtensional and
magmatic environments were soon to follow in the Mogollon-Datil and San Juan areas as the
Mendocino triple junction moved to the north. This is viewed to be a characteristic environment
for the formation of major batholiths.
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pseudobreccia in an environment of moderate compressional deformation. Modelled after the
Troilus porphyry Au (Cu) deposit in the Archean Abitibi greenstone belt, Quebec.
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Figure 26. Diagram showing areas and timing of Cordillera extension.
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Figure 28. Diagrams illustrating multiple periods of normal faulting and rotation of the Hall
deposit, Nevada (after Shaver and McWilliams, 1987). These diagrams illustrate the difficulty that
can be encountered in reconstructing the original geometry of some porphyry deposits.

8%




b 46




C - GEOENVIRONMENTAL MINERAL DEPOSIT MODELS FOR THE NORTHERN CORDILLERA
Richard Goldfarb, Edward duBray, John Gray, Karen Kelley and Geoffrey Plumlee, U.S. Geological Survey

Goldfarb, R., duBray, E., Gray, G., Kelley, K. and Plumlee, G. (1998): Geoenvironmental Mineral Deposit
Models for the, Northern Cordillera; in Metallogeny of Volcanic Arcs, B.C. Geological Survey, Short
Course Notes, Open File 1998-8, Section C.

Table of Contents pages C6-7

Chapter 29 - Sedimentary Exhalative Zn-Pb-Ag Deposits, pages C8-16
Chapter 34 - Low Sulfide Au Quartz Veins, pages C17-23

Case Studies from the Northern Cordillera, pages C24-49

ABSTRACT

Empirical mineral deposit models are not only critical in exploring for accumulations of metals and
development of ore genesis concepts, but also for understanding geochemical patterns that develop
during natural degradation of metal accumulations. These patterns, or environmental signatures, are
the result of natural weathering and erosion but may also be affected by human activities.
Environmental signatures are dominantly controlled by the geologic characteristics of ore deposits
including size, host rock type, surrounding regional geology, geochemistry of alteration, nature of the
ore, trace element geochemistry, mineralogy and mineralogical characteristics, secondary minerals,
topography, and geohydrology. Consequently, empirical data that define these signatures can be
gathered from waters, sediments, and soils surrounding specific deposit types; these data can then be
summarized to produce a comprehensive geoenvironmental mineral deposit model. In theory, a given
ore deposit type is characterized by a fairly predictable environmental signature. However, as with any
model, other factors can cause deviations. Variables such as climate and mining method can play
significant roles in defining environmental signatures associated with individual deposits.

Our recent work in the northern Cordillera has emphasized collection of empirical data that define the
environmental signatures of the mineral deposit types commonly associated with accreted terranes and
superimposed arcs. Objectives have included establishing estimates for premining geochemical
baselines in highly mineralized belts, as well as determining the environmental effects of various mining
and processing activities. The influence of geology on natural background concentrations of metals in
water is obvious in studies of shale-hosted stratiform Pb-Ag-Zn massive sulfide deposits from the
northwestern Brooks Range. Premining surface water draining the Red Dog deposit and water draining
the Drenchwater occurrence commonly contained total dissolved metal concentrations between 1-50
ppm at pH values of 3-6; the impact of these deposits is significant for kilometers downstream. In
contrast, carbonate rocks in the sedimentary sequence at the Lik occurrence buffer water that drains
massive sulfide to neutral to slightly alkaline pH values; this water has much lower metal transport
capacity. Similarly in the Wrangell Mountains of eastern Alaska, water draining gold-bearing skarn and



the massive Kennecott-type copper ore has relatively low metal-transport capacity due to thick
carbonate sections.

Abandoned Besshi- and Cyprus-type VMS deposits are widespread in the Prince William Sound region of
south-central Alaska. Although surface water below these ore deposits is typically acidic and metal-rich,
climate plays a major role in defining the extent of metal dispersion in this temperate rainforest climate.
Water draining abandoned mine tailings is characterized by pH values as acidic as 2.5 and contains
approximately 30 ppm dissolved Fe+Cu+Zn. However, due to the abundance of surface water runoff
throughout the region, acid drainage is rapidly diluted to background levels within a few hundred
meters of mine workings.

The regional geoenvironmental model for arc-related epithermal vein deposits, which are widespread in
southwestern Alaska, emphasizes concerns associated with Hg-enriched mineralogy. The low pyrite
content of the veins results in minimal acid mine drainage. But to test the extent that mercury from
eroded cinnabar might be naturally converted through biological and chemical processes to more
hazardous methylmercury, detailed evaluations were made of stream waters, vegetation, and fish.
Results indicate that weathered cinnabar is highly insoluble and is not mobilized through the food chain.

The low sulfide content of mesothermal gold-bearing vein deposits throughout Alaska leads to a model
that predicts generally minimal impact on local ecosystems from unmined or mined occurrences. For
example, water draining the extensive underground workings of the Alaska-Juneau mine is characterized
by concentrations of trace metals that are within the range allowable for safe drinking water. However,
the environmental effects of unusually extensive sulfidization of metasedimentary and igneous country
rocks that host gold-bearing veins in part of the Fairbanks district exemplify how ore deposit geology can
cause significant deviation from a model. Resulting natural dissolved arsenic levels of as much as 500
ppb exceed maximum allowable drinking water standards by an order of magnitude. Also, although
mines in this deposit type typically pose little threat to the environment and present milling methods of
ore extraction meet strict environmental standards, historic milling methods that concentrated gold-
bearing sulfide phases into large abandoned waste piles can lead to metalliferous acid drainage. It is,
therefore, critical that our geoenvironmental models clearly indicate the difference in environmental
signatures that are likely to result from past and present mining methods.
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GEOENVIRONMENTAL MINERAL DEPOSIT MODELS FOR THE
NORTHERN CORDILLERA

Richard Goldfarb, Edward du Bray, John Gray, Karen Kelley, and Geoffrey
Plumlee

U.S. Geological Survey
Introduction

Empirical mineral deposit models are not only critical in exploring for accumulations of metals
and development of ore genesis concepts, but also for understanding geochemical patterns that develop
during natural degradation of metal accumulations. These patterns, or environmental signatures, are the
result of natural weathering and erosion but may also be affected by human activities. Environmental
signatures are dominantly controlled by the geologic characteristics of ore deposits including size, host rock
type, surrounding regional geology, geochemistry of alteration, nature of the ore, trace element
geochemistry, mineralogy and mineralogical characteristics, secondary minerals, topography, and
geohydrology. Consequently, empirical data that define these signatures can be gathered from waters,
sediments, and soils surrounding specific deposit types; these data can then be summarized to produce a
comprehensive geoenvironmental mineral deposit model. In theory, a given ore deposit type is characterized
by a fairly predictable environmental signature. However, as with any model, other factors can cause
deviations. Variables such as climate and mining method can play significant roles in defining

environmental signatures associated with individual deposits.

Geoenvironmental Mineral Deposit Models of the U.S. Geological Survey

Two years ago, the U.S. Geological Survey released a preliminary compilation of descriptive
geoenvironmental mineral deposit models (du Bray, 1995). The aim of the volume was to meet a growing
demand from many of our own geologists, as well as our outside customers, for geological information that
would be most useful in understanding the environmental effects from developed and undeveloped metal
accumulationé located at and near the earth’s surface. The information within the model book is now
routinely applied to theUSGS’ assessment program of public lands (for example, Plumlee et al., 1994).
This type of assessment work no longer emphasizes solely the identification of tracts favorable for the
occurrence of mineral deposits; rather, it now also includes an important component that assesses the
characteristics of environmental effects of mined and unmined mineral occurrences. The data in the model

book are also critical for planners and regulators in their need to better identify and prioritize
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environmentally hazardous sites, and to predict the environmental signatures from past and future resource

developfnent.
Geology and mining/milling methodologies are major controls on the environmental behavior of

mineral deposits. Therefore, it is critical that this information be included in any geoenvironmental model.

Key factors for each, summarized from Plumlee and Nash (1995), are listed below:

Geologic controls on environmental signatures
1. Ore and gangue mineralogy, and host rock lithogeochemistry--acid-generating vs. acid-consuming
2. Mineral resistance to weathering--susceptibility to oxidation; relative mineral stabilities

3. Major and trace element geochemistry of ores--metal enrichments in soils, waters, and sediments;

complexing, sorption, and precipitation reactions; variable mobilities
4. Mineral textures and grain size--fine- vs. coarse-grained; massive vs. euhedral ores

5. Extent of pre-mining oxidation--metals contained in less soluble hydroxides, sulfates, and

carbonates; strong climatic control
6. Secondary mineralogy of mine wastes

7. Structure and lithology--controls groundwater access, permeability, etc.

Mining controls on environmental signatures

1. Open pit vs. underground methods--differences in access to weathering agents; evaporative concentration

in pits
2. Tailing particle sizes--effects metal adsorption, sulfide oxidation, and dispersion pathways
3. Milling methods--sulfide concentrates, mercury amalgamation, cyanidation, roasting

The U.S. Geological Survey’s model guidebook aims to systematically compile this geological

and mining information for the more common mineral deposit types. For examples, copies of models for
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volcanic-associated massive sulfide, sedimentary exhalative Zn-Pb-Ag, and low-sulfide Au quartz deposits
are reproduced in subsequent pages of these short course notes. Models for epithermal-type gold vein

deposits are included within a subsequent chapter to this short course by Geoff Plumlee.
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SEDIMENTARY EXHALATIVE ZN-PB-AG DEPOSITS
(MODEL 31a; Briskey, 1986)

by Karen D. Kelley, Robert R. Seal, I, Jeanine M. Schmidt,
Donald B. Hoover, and Douglas P. Klein

SUMMARY OF RELEVANT GEOLOGIC, GEOENVIRONMENTAL, AND GEOPHYSICAL INFORMATION

Deposit geology
Lens-like bodies of stratiform sulfide minerals (lead, zinc, = iron) as much as a few tens of meters in thickness are

interbedded with fine-grained dark clastic and chemical sedimentary rocks. These deposits may have large lateral
extent (hundreds of meters to kilometers). Mineralized rock varies from a single layer to numerous bodies that may
be vertically stacked or lateral equivalents. The most common associated sulfate mineral is barite which may be
peripheral to or stratigraphically above the deposit (Rammelsberg and Meggen, Germany; Tom, Yukon Territory;
Lady Loretta, Australia; and Red Dog, Alaska), or it may form crudely segregated mixtures with sulfide minerals
(Cirque, British Columbia). Many deposits have no associated barite (HYC, Australia; Sullivan, British Columbia;
and Howard's Pass, Yukon Territory). Stockwork, disseminated, or vein-type ore, interpreted as feeder zones to
stratiform mineralized rock, are sometimes found underlying or adjacent to stratiform ore and are sometimes
accompanied by alteration of footwall rocks (fig. 1). U.S. Bureau of Mines (1993) statistics show that in 1993 the
two mines in the United States with greatest zinc output were Red Dog, Alaska and Balmat, N.Y. In 1994, the Red
Dog mine produced 533,500 t of zinc concentrate with an average grade of 55.8 weight percent zinc (Mining Journal,
1995). Mines in the Balmat district produced 499,000 t in 1993. Both mines also produce lead and silver.

Examples
Red Dog, Lik, and Drenchwater (Alaska); Balmat (N.Y.); Meggen and Rammelsberg (Germany); Faro and other

deposits in the Anvil district, Tom, Jason, and Howard's Pass (Yukon Territory); Cirque and Sullivan (British
Columbia); Lady Loretta, McArthur River, Mount Isa, HYC, and Broken Hill (Australia); Navan, Silvermines, and
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Figure 1. Diagrammatic cross section showing mineral zoning in sedimentary exhalative Zn-Pb deposits (from Briskey, 1986).
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Figure 2. Longitudinal cross section showing development of supergene zone and iron-rich gossan (based on Elura deposit, Australia; from

Taylor and others, 1984).

Spatially and (or) genetically related deposit types

Associated deposit types (Cox and Singer, 1986) include bedded barite deposits (Model 31b), stratabound lead-zinc
in clastic rocks (Model 30a), Mississippi Valley type lead-zinc (Models 32a,b), sedimentary manganese (Model 34b),
sedimentary phosphate (Model 34c), Besshi massive sulfide (Model 24b), Chinese-type black shale (Mo-Ag-As-Zn-
Ni-PGE; Pasava, 1993).

Potential environmental considerations

(1) Deposits with no associated carbonate rocks or carbonate alteration minerals may have high potential for
generation of natural acid drainage that contains high metal concentrations. Potential for acid-drainage generation
may depend on (a) the amount of iron-sulfide present (which may vary from <5 to 80 volume percent among
deposits), (b) the type of iron sulfide mineral(s) in the deposit (reactivity decreases from pyrrhotite to marcasite to
pyrite) and (c) the extent to which the deposit is exposed to air and water. Water may contain thousands of mg/1
sulfate; hundreds of mg/1 iron; tens of mg/l aluminum; thousands to tens of thousands of pg/l zinc; thousands of pg/l
manganese and lead; hundreds of pg/l cadmium, copper, and nickel; and tens of pg/1 cobalt (Runnells and others,
1992; Kelley and Taylor, in press; ELS for Red Dog).

(2) Potential downstream environmental effects of natural acid drainage can be significant in magnitude and spatial
extent (as far as 30 km downstream), especially if surrounding terrane is composed exclusively of fine-grained clastic
rocks and volcanic rocks and no associated carbonate rocks (ELS for Red Dog).

(3) Deposits with associated carbonate rocks or abundant carbonate alteration minerals have limited potential for acid
drainage generation (water pH usually neutral to slightly alkaline), and most metal concentrations are low; exceptions
include as much as thousands of pg/l zinc in some natural water (Kelley and Tavlor, in press).

(4) Iron-rich gossans, formed by oxidation and weathering, may develop above some deposits (fig. 2). Depending
on wall-rock buffering capacity, iron content of ore, and metal-sulfur ratios of sulfide minerals, the gossan
environment can be acidic (pH <5). Some gossans may contain a number of secondary lead-manganese minerals

as well as secondary sulfates of iron, aluminum, and potassium (Taylor and others, 1984). These minerals are very
soluble, can dissolve during periodic storms, and may lead to short term pulses of highly acidic, metal-bearing water.
(5) High-sulfide ore with elevated abundances of pyrrhotite that is exposed to air and water has potential for
spontaneous combustion ("hot muck"), which generates sulfur dioxide (Brown and Miller, 1977; Good, 1977). Hot
muck ignition is rare and can be avoided using proper blasting techniques.
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Exploration geophysics

Gravity surveys can be used to identify and delineate the extent of barite-rich zones that may indicate associated
base-metal sulfide deposits (Young, 1989; Hoover and others, 1994). Induced polarization methods have proven
useful in exploration for some of these deposits (Q'Brien and Romer, 1971; Cox and Curtis, 1977). Remote sensing
images can be used to help identify associated gossans (Knepper, 1989). Magnetic and electromagnetic methods may
help define the presence and extent of massive sulfide deposits, particularly those that contain abundant pyrite and
(or) pyrrhotite. Constant source-audiomagnetotelluric methods have been used to help delineate the extent of ore

in northwest Alaska (Young, 1989). Other geophysical methods may facilitate geologic mapping of these deposits
(Edwards and Atkinson, 1986, p. 245).

References

Geology: Large (1981), Maynard (1983), Sangster (1983), Moore and others (1986), Turner and FEinaudi (1986),
Young (1989), Sangster (1990), Maynard (1991), and Schmidt (in press).

Environmental geology, geochemistry: Lee and others (1984), Runnells and others (1992), Gulson and others (1994),
Prusty and others (1994), Sahu and others (1994), Kelley (1995), and Kelley and Taylor (in press).

GEOLOGIC FACTORS THAT INFLUENCE POTENTIAL ENVIRONMENTAL EFFECTS
Deposit size
Most deposits are 1.7 (90th percentile) to 130 (10th percentile) million tons; median deposit size is 15 million tons

(Menzie and Mosier, 1986).

Host rocks

Host rocks consist of a variety of marine sedimentary rocks including: carbonaceous shale and chert (Howard's Pass,
Yukon Territory; Red Dog and Lik, Alaska; and Sullivan, British Columbia), dolomitic shale or siltstone (HYC and
Mount Isa, Australia; and Silvermines, Ireland), and micritic limestone (Meggen, Germany and Tynagh, Ireland).
Turbidites and slump breccias are present locally; minor volcanic rocks, usually mafic, may be temporally, but not
necessarily spatially, associated. Sangster (1990) indicates that tuff units are present within ore-hosting sequences
at a number of deposits, including Meggen and Rammelsberg (Germany), Jason and Faro (Yukon Territory), and
HYC (Australia). Many deposits and their host rocks have undergone metamorphism and deformation (Sullivan,
British Columbia and Mount Isa and Broken Hill, Australia). Comparisons of host rock chemistry to average
abundances in black shale (Vine and Tourtelot, 1970) show that host rocks for these deposits have relatively low
sodium-potassium ratios and are characteristically depleted in cobalt, nickel, and copper and enriched in barium and

manganese (Maynard, 1991).

Surrounding geologic terrane

The geologic terrane surrounding these deposits primarily consists of thick sequences of deep-water marine
sedimentary rocks that include fine-grained clastic and carbonate rocks. Rocks may be metamorphosed (low to high-
grades).

Wall-rock alteration

Stockwork and disseminated sulfide and alteration minerals (commonly silicified or iron-carbonate altered rocks that
rarely contain tourmaline, albite, chlorite), which possibly represent the feeder zones of these deposits, are sometimes
present beneath or adjacent to stratiform deposits (fig. 1). In some deposits, silicification is the dominant or only
alteration (Meggen, Germany and Red Dog, Alaska). In others, alteration is less extensive and (or) carbonate-rich
(Large, 1981). Large (1983) describes more subtle types of alteration near some deposits, including increased
dolomite-calcite ratios (McArthur River, Australia; deposits in Ireland) and increased potassium feldspar-albite ratios
in tuffs (McArthur River).

Nature of ore

Within stratiform mineralized rocks, sulfide minerals are generally fine-grained, and commonly form nearly
monomineralic laminae several mm to cm thick that have continuity over large parts of the deposits. Some deposits
are not laminated (Meggen, Germany and Red Dog, Alaska). Coarse-grained crustiform and comb-textured sulfide
minerals may be present in feeder veins associated with stratiform ore. The overall sheet or lens-like morphology
of stratiform ore suggests that these deposits formed, in highly restricted basins, by syngenetic to early diagenetic
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processes at or below the seawater-sediment interface. Sphalerite, galena, and iron-sulfide minerals (pyrite, marcasite,
and pyrrhotite) are the most common sulfide minerals, but chalcopyrite and sulfosalt minerals may also be present

in minor amounts (Large, 1981: 1983; Lydon, 1983).

Deposit trace element geochemistry

Feeder or stockwork zone (Large, 1983; Lydon, 1983): iron, lead, and zinc (+ gold, boron, and copper).

Stratiform ore (Large, 1983; Lydon, 1983): lead, zinc (cadmium), with or without barium (zoned laterally outward
from feeder zone (fig. 1). Iron may be enriched within and adjacent to the base-metal sulfide zone (Large, 1983);
anomalous concentrations of silver + arsenic and antimony in sulfosalt minerals (Cox and Curtis, 1977; Taylor and
others, 1984) and manganese (outer halo) are also common (Maynard, 1981). Concentrations of mercury are high
in some deposits, where it is primarily in pyrite, sphalerite, or sulfosalt minerals (Ryall, 1981).

Ore and gangue mineralogy and zonation

Dominant sulfide ore minerals are sphalerite and galena, although minor chalcopyrite, arsenopyrite, and tetrahedrite
are present in some deposits (Large. 1983). The most common gangue minerals are iron sulfide (pyrite or marcasite;
less commonly pyrrhotite) and quartz (Meggen, Germany and Red Dog, Alaska). Barite may be present. Numerous
other sulfide and sulfosalt minerals have been reported in some deposits (Cox and Curtis, 1977; Large, 1983; Taylor
and others. 1994). Relative abundances of major base-metal sulfide minerals vary among deposits and within
deposits as a result of zonation. Large (1983) reports that lead-zinc ratios of ore range from approximately 1:1
(Mount Isa, Australia; Sullivan, British Columbia; and Tynagh, Ireland) to 1:8 (Meggen, Germany). The sequence
of zonation is generally lead-zinc-(barium-copper) extending outward in laterally zoned deposits and zinc-lead-
(barium) extending upward in vertically zoned deposits (Large, 1983; Lydon, 1983). Iron is sometimes enriched at
the center of zonation assemblages (for instance, Rammelsberg, Germany and Sullivan, British Columbia) (Large,
1983), or an iron-manganese halo may encircle the base-metal sulfide minerals (Tynagh, Ireland) (Maynard, 1983).

Mineral characteristics

Grain size typically ranges from 15 to 400 microns (McClay, 1983). Primary depositional features are dominated
by fine-grain size and common layering; framboidal and colloform pyrite with euhedral overgrowths are common;
granular sphalerite, galena and barite are typical. Some deposits (Red Dog, Alaska and HYC, Australia) are
characterized by very fine-grained intergrowths of silica and sphalerite (individual sphalerite grains are 0.5 to 50
microns) or sphalerite with other sulfide minerals ( <100 microns) (McClay, 1983; Moore and others, 1986).
Metamorphism partially or completely replaces primary textures and causes grain size increases. Recrystallization
causes porphyroblastic textures in pyrite and sphalerite, barite is recrystallized to an elongate habit, and galena may
be remobilized to fill fractures (McClay, 1983).

Secondary mineralogy
Oxidation of deposits may result in formation of iron-rich gossan and ferruginization of wall rocks (fig. 2). Deposits
with low iron-sulfide contents have high metal-sulfur ratios, gangue or wall rocks with high buffering capacity,
associated gossans have high pH, and gossan profiles are immature. Ore with high iron content, low metal-sulfur
ratios in sulfide minerals, and wall rock with low buffering capacity is likely to be associated with low pH water
(Taylor, 1984). Goethite and hematite, with minor quartz, kaolinite, and beudantite, are the main minerals in gossan
(Taylor and others, 1984). Anglesite and cerussite are the most abundant secondary lead minerals but coronadite,
mimetite, nadorite, pyromorphite, and lanarkite have also been reported. Silver halide minerals may also be present.
Secondary zinc minerals are rare. Secondary sulfate minerals include jarosite, barite, and alunite. Native sulfur,
produced by oxidation of marcasite, is present at Red Dog, Alaska (R.A. Zierenberg, written commun., 1995). Rock
may be oxidized to 100 m below the surface (Australian examples), and may extend to 300 m adjacent to major
faults and shear zones. Oxidation depth is controlled partly by fracture density near orebodies and presence of
pyrrhotite, which is highly reactive with oxygenated ground water (Taylor and others, 1984).

Secondary zinc minerals hemimorphite, smithsonite, and wurtzite, not found in association with other
deposits, are present in lime green mosses and as a cement within talus overlying the XY deposit (Howard's Pass,

Yukon Territory) (Jonasson and others, 1983; Lee and others, 1984).

Topography, physiography
No generalizations possible. Sedimentary exhalative deposits are widely distributed geographically (from Australia
to northern Alaska, to Ireland, for example) and so have completely different physiographies and topographies due
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to weathering process variations.

Hydrology

Hydrologic conditions associated with sedimentary exhalative deposits are highly variable due to extreme differences
of their climate settings. Fine-grained clastic host rocks generally have low permeability. Pre-mineralization and
post-mineralization fractures may serve as ground water conduits. However, depth of oxidation is dependant on a
number of factors including climate, mineralogy of ore, and (or) host rocks.

Mining and milling methods

Underground and open-pit mining have been used historically and in modern times to exploit these deposits. Some
sedimentary exhalative deposits contain very fine-grained and intergrown sulfide minerals (for example, Red Dog,
Alaska and HYC, Australia) that require fine grinding during ore beneficiation. Base metal sulfide minerals are
usually separated by flotation and ore concentrates are smelted. In most cases, concentrates are shipped to custom
smelters and therefore do not contribute to environmental impact in the immediate mine vicinity. Large districts,
such as Sullivan, British Columbia, are served by nearby smelters (for instance, Trail smelter, British Columbia).

ENVIRONMENTAL SIGNATURES

Drainage signatures

Natural drainage water (Lik, Red Dog, and Drenchwater, Alaska: Dames and Moore, 1983; EIS report for Red Dog;
Kelley, 1995; Kelley and Taylor, in press): Cold semi-arid climate--Without carbonate rocks present (Red Dog and
Drenchwater), streams draining mineralized areas have low pH (2.8 to 4.7) and elevated dissolved metal abundances,
including tens to hundreds of mg/l aluminum and iron and hundreds to tens of thousands of pg/l Mn, Cd, Co, Cu,

Ni, Pb, and Zn. Sulfate concentrations, hundreds to thousands of mg/l, in water draining mineralized areas are also
many times higher than background. Sodium and barium may be depleted in water draining mineralized areas. Data
for deposits with significant associated carbonate rocks in surrounding geologic terrane (Lik, Alaska) are strikingly
different (fig. 3). Water draining these deposits is near-neutral to alkaline (pH 6.2 to 8.1) and contains low metal
concentrations, except zinc, whose abundances, thousands of pg/l, are enriched in streams draining mineralized areas.
Sulfate concentrations, hundreds of mg/l, may also be elevated.

Neutral-pH springwater near the XY deposit (Howard's Pass, Yukon Territory) contains elevated dissolved metal
abundances, including tens to thousands of pg/l zinc, tens of pg/l cadmium, and tens to hundreds of mg/I sulfate.
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Mine drainage water (Red Dog, Alaska: Beelman, 1993; unpub. data, Alaska Department of Environmental
Conservation, ADEC, 1995; Faro, Yukon Territory: Lopaschuk, 1979; Meggen, Germany: Bergmann, 1971; Broken
Hill, South Africa: Gulson and others, 1994): Cold semi-arid climate--Immediately after mining began at Red Dog
in the Fall of 1990, water draining the mine was extremely acidic (pH as low as 1.7) and contained elevated metal
abundances, including from hundreds to thousands of pg/1 lead, from hundreds to tens of thousands of pg/l cadmium,
and from tens of thousands of pg/1 to thousands of mg/l zinc. However, by spring of 1991, these abundances had
decreased to pre-mining natural background concentrations (ADEC, 1995). The pulse of metal-enriched mine
drainage that followed initial mining was probably the result of dissolution and flushing of a secondary sulfate
mineral accumulation that developed as a result of marcasite oxidation in a near surface environment along steep
faults (R.A. Zierenberg, written commun., 1995). Mild wet climate--The Meggen, Germany, mine, known in the
late 1960s for mine water with high metal ion content and low pH, posed a severe pollution problem (Bergmann,
1971). Elevated metal abundances included hundreds of mg/l aluminum, tens of mg/l manganese, hundreds to
thousands of mg/l iron, and hundreds to thousands of mg/1 zinc.

Potentially economically recoverable elements: Zinc (as zinc hydroxide produced after treatment of mine water) is

economically extracted at the Meggen, Germany, mine (Bergmann. 1971).

Metal mobility from solid mine wastes

Mine dumps may be a source of lead due to soluble secondary lead minerals common in oxidized material. Some
of these dumps have recently been reprocessed, resulting in an increased volume of fine-grained lead-rich dust that
contains as much as 3 weight percent lead (Gulson and others, 1994); this dust can be important in arid to semi-arid
regions with high wind potential.

Bioavailability studies: The most common lead species in soil and dust associated with the Broken Hill, Australia,
deposit was identified as a complex Pb, Fe, Mn, Ca, Al, Si, O material (very soluble), with high bioavailability.
Other mining areas may have less soluble, and therefore lower bioavailability forms of lead, including galena,

pyromorphite, and anglesite (Gulson and others, 1994).

Soil, sediment signatures prior to mining
Cold semi-arid climate: Stream sediment samples ( <0.2 mm and <0.5 mm fractions) contain anomalous concentra

tions of many metals, including as much as ten ppm silver; tens of ppm arsenic, cadmium, and antimony; hundreds
of ppm copper and nickel; thousands of ppm manganese, lead, and zinc; and hundreds of thousands of ppm barium
(Theobald and others, 1978; Kelley and others, 1992). Soil that overlies mineralized rock contains hundreds to tens
of thousands of ppm lead, hundreds to thousands of ppm barium and zinc, tens of ppm silver; and tens to hundreds
of ppm copper, but concentrations of other metals, including <2 ppm cadmium, hundreds of ppm manganese, and
tens of ppm nickel are low relative to stream sediment abundances (Briggs and others. 1992; Mevyer and Kurtak,
1992). The pH of soil directly above mineralized rock may be as low as 3.9 (Briggs and others, 1992).

Warm semi-arid climate (Australia): Soil overlying mineralized rock contains hundreds to thousands of ppm copper,
lead, and zinc, and tens of ppm silver (Cox and Curtis, 1977).

Potential environmental concerns associated with mineral processing

Mining and milling methods significantly influence potential environmental impacts associated with sedimentary
exhalative deposits. Most underground mines dispose of mine waste and mill tailings by backfilling underground
workings. Consequently, environmental concerns related to these underground mines may be limited, with exceptions
noted below.

Modern mines discharge fine-grained sulfide-mineral-rich tailings into surface tailings ponds that have
impermeable linings. Previous tailings discharge methods resulted in significant surface and shallow ground water
contamination. Very finely ground, fine-grained and intergrown sulfide minerals may result in highly reactive
tailings products.

Until 1967, mine water draining the Meggen, Germany underground mine had a pH as low as 2.5 and
contained as much as 1,300 mg/l zinc; this mine water originates by percolation of surface water through the mine.
Acidic, metal-rich water draining the mine caused severe pollution in major river systems draining the area. Modern
techniques enabled zinc recovery from mine water; mine effluent ceased to be a pollution source (Bergmann, 1971).

Mining and milling activities at the Zawar, India mine have resulted in contamination of stream sediment
and floodplain soil (Prusty and others. 1994; Sahu and others, 1994). Stream sediment samples collected as much
as 30 km from the mill site contain elevated metal abundances, including thousands of ppm zinc and iron, hundreds
of ppm lead, and tens of ppm cadmium. Floodplain soil contains similarly elevated metal abundances.
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"Hot muck" was an environmental concern associated with processing ore from deposits with high pyrrhotite
abundances that are exposed to air and water. "Hot muck" is the spontaneous combustion of high sulfide ore in the
mine. The primary environmental concern is evolved sulfur dioxide. Fires are ignited by the build-up of heat,
caused by ore oxidation, in stock piles, or may be triggered by blasting in areas of previously broken ore.

Periodically, air emission can exceed 9.5 ppm SO, (Brown and Miller, 1977; Good, 1977); SO, release can acidify
water in areas downwind from release site. Because hot muck is easily avoided by proper blasting techniques, it does
not pose significant risks in modern mining operations.

In some cold climates, it may be necessary to store wet ore, such as that produced from the Faro, Yukon
Territory, mine, prior to crushing. If the ore is stockpiled too long, oxidation may ensue (Lopaschuk. 1979), which
may cause increased metal concentrations, especially lead, in drainage water.

Smelter signatures
Smelting was and is commonly used to process sedimentary exhalative ore. Several studies focus on the correlation

between lead in soil near smelters and lead in the blood of children (Gulson and others, 1994). Smelting may
produce SO,-rich and metal-rich emissions, which may increase acidity and foster accumulation of heavy metals in
downwind areas.

Climate effects on environmental signatures

Sedimentary exhalative deposits are widely distributed geographically (from Australia to northern Alaska, as well

as Ireland) and therefore are in highly variable climatic regimes. The effects of various climate regimes on the
geoenvironmental signature specific to sedimentary exhalative deposits are not known. However, in most cases the
intensity of environmental impact associated with sulfide-mineral-bearing mineral deposits is greater in wet climates
than in dry climates. Acidity and total metal concentrations in mine drainage in arid environments are several orders
of magnitude greater than in more temperate climates because of the concentrating effects of mine effluent
evaporation and the resulting "storage" of metals and acidity in highly soluble metal-sulfate-salt minerals. However,
minimal surface water flow in these areas inhibits generation of significant volumes of highly acidic, metal-enriched
drainage. Concentrated release of these stored contaminants to local watersheds may be initiated by precipitation
following a dry spell. Although it is commonly assumed that the extent of sulfide mineral oxidation and weathering
in cold regions underlain by permafrost are minimal, data from northern Alaska show that metal dispersion from ore
deposits in surface water is significant.

Geoenvironmental geophysics

Induced polarization methods can provide qualitative estimates of sulfide mineral contents and grain size, which
strongly influence potential for generation of acidic, metal-enriched water. Electrical techniques (King and Pesowski,
1993) and ground penetrating radar (Davis and Annan, 1992) can be used to delineate low resistivity anomalies
produced by acidic, metal-enriched water that may be associated with this deposit type.

Acknowledgments.--We thank R.A. Zierenberg for helping to clarify this model and also for considerable
additional input, especially concerning the Red Dog, Alaska sedimentary exhalative deposit.
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LOW SULFIDE AU QUARTZ VEINS
(MODEL 36a; Berger, 1986)

by Richard J. Goldfarb, Byron R. Berger, Terry L. Klein, William J. Pickthorn, and Douglas P. Klein

SUMMARY OF RELEVANT GEOLOGIC, GEOENVIRONMENTAL, AND GEOPHYSICAL INFORMATION

Deposit geology
These deposits consist of Archean through Tertiary quartz veins, primarily mined for their gold content, that generally

contain no more than 2 to 3 volume percent sulfide minerals, mainly pyrite, in allochthonous terranes dominated by
greenstone and turbidite sequences that have been metamorphosed to greenschist facies. Wall rocks contain abundant
carbonate and sulfide minerals, quartz, and sericite. Arsenic and antimony are enriched in alteration haloes (fig. 1).
These deposits are also known as mesothermal, Mother Lode-type, orogenic, metamorphic rock-hosted, greenstone
gold (Archean), turbidite-hosted (Phanerozoic), and slate belt gold (Phanerozoic) deposits.

Low sulfide gold quartz veins in the United States are presently being mined and prospected within rocks
of accreted lithotectonic terr anes along both continental margins. Development of Paleozoic lode deposits in recent
years has been restricted to the South Carolina part of the Carolina slate belt. Open pit mining of the more than 1.5
million oz of gold at the Ridgeway mine, the largest of the deposits, is continuing at a rate of about 100,000 oz/yr.
In the Mother Lode region of central California, a few old mines have been reopened in the last 10 to 15 years as
open pit operations. Each has been recovering 500,000 to 750,000 oz of gold from low-grade, Early Cretaceous
deposits. Production from the Alaska-Juneau and Kensington Eocene vein deposits in southeastern Alaska by
underground operations is scheduled to commence during the next few years and will yield about 6 million oz of
gold. In the Alaskan interior, open-pit mining will eventually yield 4 million oz of gold from the mid-Cretaceous
Fort Knox deposit.

Examples
Yilgarn Block, Western Australia; Abitibi Belt, Superior Province, Canada; Yellowknife, Northwest Territory,

Canada; Bendigo/Ballarat, Victoria, Australia; Murantau, Uzbekistan; Mother Lode, Calif.; Juneau Gold Belt, Alaska;
Otago Schist Belt, South Island, New Zealand.
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Figure 1. Schematic geologic cross section of a low-sulfide gold deposit.
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Spatially and (or) genetically related deposit types

Associated deposit types (Cox and Singer, 1986) may include silica-carbonate mercury (Model 27¢), and gold-
antimony (Model 36c¢), which may reflect shallower exposures of similar hydrothermal systems in areas of limited
erosion. In areas of extensive uplift and erosion, gold lodes are reconcentrated in extensive placer accumulations
(Model 39a). Low sulfide gold quartz vein deposits subjected to tropical weathering can produce lateritic saprolite
(eluvial placer) deposits (Model 38g; McKelvey. 1992). Much older, pre-accretionary Cyprus, Besshi, and Kuroko
volcanogenic massive sulfide deposits (Models 24a, 24b, 28a) are spatially associated with gold veins in terranes that
contain significant volumes of volcanic rock.

Potential environmental considerations

(1) Moderate amounts of acid mine drainage may be present where local, relatively high sulfide mineral
concentrations are present in gold ore, where broad zones of sulfidization characterize wall rocks, and (or) where
much of the ore is hosted by greenstone that has relatively low acid-buffering capacity.

(2) Oxidation of mine tailings that contain sulfide minerals, particularly arsenopyrite, or soil formed from unmined,
yet sulfide-mineral-bearing rock can release potentially hazardous arsenate, arsenite, and methylarsenic species.
(3) Increased concentrations of arsenic, antimony, and other trace metals may be present downstream from deposits.
Cyanide used for gold extraction at many active mines is a potential additional contaminant in waste water discharge.
(4) Mercury amalgamation carried out during historic operations may be a source of mercury contamination in
aquatic life and in surface sediment. Continued use of mercury amalgamation and roasting for gold extraction in
some parts of the world is a direct and very serious health hazard.

(5) Disposal of tailings from developed deposits can cause sedimentation problems in adjacent waterways.

(6) Modern open-pit mining methods, allowing for development of previously uneconomic, low-grade gold deposits
pose quality-of-life concerns. Potential concerns include mining-related visual impacts, increased traffic and noise,
and dust generation. Open-pit mining also produces significantly greater volumes of untreated waste rock.

(7) Long term exposure to arsenic concentrated in tailings can cause cancer and kidney disease.

Exploration geophysics

Silicified rock, much of which corresponds to wall rock that contains abundant sulfide minerals, is commonly
associated with local resistivity highs. Silicified rock and carbonate minerals along veins increase density and
resistivity and may allow indirect sulfide mineral identification using detailed electromagnetic, direct current
resistivity, and micro-gravity mapping. Disseminated pyrite, arsenopyrite, and chalcopyrite distributions can be
outlined using induced polarization/resistivity surveys. Piezo-electricity may locate sulfide-mineral-bearing quartz
veins. Host rocks that contain at least moderate amounts of magnetite may have associated magnetic lows due to
magnetite destruction in alteration-halos.

References

Geology: Berger (1986), Bliss (1986, 1992), Groves and others (1989), Kerrich and Wyman (1990), Kontak and
others (1990), Nesbitt (1991), Berger (1993), Goldfarb and others (1993), Phillips and Powell (1993), and Klein and
Day (1994).

Environmental geology and geochemistry: Bowell and others (1994), Callahan and others (1994), Cieutat and others

(1994), Azcue and others (1995), and Trainor and others (in press).

GEOLOGIC FACTORS THAT INFLUENCE POTENTIAL ENVIRONMENTAL EFFECTS

Deposit size

Deposit size is extremely variable. Archean deposits-mean tonnage is 1.08 million metric tonnes; range is 0.004 to
199 million metric tonnes. The mean tonnage of Phanerozoic deposits is 0.03 million metric tonnes; range is 0.001
to 25 million metric tonnes. The mean tonnage of Chugach-type Phanerozoic deposits is 0.003 million metric tonnes;
range is 0.001 to 0.07 million metric tonnes. Because of the high-grade nature of some veins (greater than 30 to

50 g gold/t), many low tonnage deposits (for instance, Chugach-type low sulfide gold deposits; Bliss, 1992) are
developed by small, underground workings. Deposits that contain at least 0.5 to 5 million oz gold in low grade ore
(generally 2 to 10 g gold/t) have been mined in large, more modern open-pit operations. The largest example of such
a deposit is Murantau, Uzbekistan, which contains greater than 140 million oz gold (Berger and others, 1994).
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Host rocks

Archean ore is largely hosted by metamorphosed basalt (greenstone), although ultramafic volcanic rocks (komatiite),
felsic volcanic rocks, and granitoid intrusions are locally important hosts. Most of these deposits are in preserved
cratonic blocks. Phanerozoic deposits are hosted in slate and graywacke in deformed, continental margin orogenic
belts. Where competent, pre-ore igneous bodies are present in metasedimentary sequences, they commonly
preferentially host vein-bearing fracture systems.

Surrounding geologic terrane

Deposits are restricted to medium-grade, generally greenschist facies, metamorphic rocks. High-tonnage deposits,
exemplified by Murantau, Uzbekistan, have a spatial association with major structural zones that are commonly
believed to be old terrane boundaries. Contemporaneous calc-alkaline dioritic to granitic plutons, sills, and batholiths
within a few tens of kilometers of ore indicate that both are products of regional, middle to lower crustal thermal
events.

Wall-rock alteration

Mineral phases vary with host rock lithology; halo width varies with size of hydrothermal system. Alteration zones
are poorly developed in metasedimentary host rocks, but are broad and distinct in both felsic and mafic igneous
rocks. Silicified rock and carbonate minerals are ubiquitous. Disseminated pyrite and (or) arsenopyrite consistently
are present in these broad haloes. Sericite is common, but only close to discrete gold-bearing veins; in some systems,
biotite is also present adjacent to veins. Sericite gives way to a chlorite-epidote propylitic zone distal to veins. Talc,
chlorite, and fuchsite are also common in alteration zones within ultramafic host rocks; albite is common in granitoid
host rocks. Wall rocks are notably enriched in H,0, CO,, S, K, Au, W, Sb, and As (Nesbitt, 1991).

———

Nature of ore

Ore may be present in quartz veins and (or) adjacent sulfidized wall rock. Gold is present as free grains in quartz,
as blebs attached to wall rock ribbons, and in veinlets cutting sulfide grains. Individual veins are 1 to 10-m-wide
discrete fissure fillings that have strike lengths of less than 100 m. Many veins show ribbon texture or, less
commonly, contain brecciated wall rock fragments. In some deposits, ore forms dense stockworks of cm-wide
veinlets. Vein swarms at the large deposits can attain 5-km strike lengths, 500 m widths, and extend 2 km down
dip. Carbonate minerals may form either (1) restricted alteration zones that range from a few to tens of meters away
from small shear zones or (2) may be abundant in rocks within several kilometers of major faults.

Deposit trace element geochemistry

Abundances of silver, arsenic, gold, and iron are consistently anomalous; tungsten and antimony abundances are much
less consistently anomalous; bismuth, copper, mercury, lead, and zinc abundances are anomalous in many deposits;
less commonly, anomalous amounts of tellurium and molybdenum are detected.

Ore and gangue mineralogy and zonation

(1) Gold is present as native gold and electrum.

(2) Potentially acid-generating sulfide minerals (in order of abundance) are pyrite, arsenopyrite > stibnite >
chalcopyrite, pyrrhotite, galena, sphalerite > telluride minerals, tetrahedrite > bismuthinite > molybdenite.

(3) Scheelite and graphite are common.

(4) Potentially acid-buffering carbonate minerals include siderite, ankerite, calcite, magnesite, or ferroan dolomite;
the composition of the carbonate species is a function of wall rock chemistry.

(5) Silicate gangue minerals include quartz, muscovite, chlorite, biotite, fuchsite, tourmaline, rutile, albite, and (or)
talc.

(6) Zoning is uncommon; mineral assemblages and proportions are commonly consistent over depths of greater than
1,000 m. In some systems, shallow levels may contain more abundant stibnite or sulfosalt minerals and native silver
(Berger, 1993). Deeper zones may be more pyrrhotite-rich.

Mineral characteristics

Sulfide minerals are usually present as finely disseminated grains in quartz and wall rocks. In some deposits, massive
clots of arsenopyrite, as large as tens of cm, may be present locally. In rare examples, gold-bearing veins may
contain massive stibnite (10 to 50 volume percent of the vein material) throughout the deposit (see Berger, 1993).
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Secondary mineralogy
Secondary minerals are not common. Occasionally, some arsenopyrite has weathered to scorodite. Minor limonite
is present in many veins.

Topography, physiography

The deposits do not form distinct topographic features although in some mining districts (for example, Bendigo,
Australia) mineralized zones may form distinctive linear ridges. They may have been emplaced along steep and
rapidly uplifting mountain belts; many pre-Tertiary low-sulfide gold-quartz veins are present in more tectonically
stable zones of moderate relief.

Hydrology
Veins are generally hosted in permeable fracture zones and hence are also significant local ground water conduits.

Mining relatively sulfide-mineral-rich veins of this deposit type could cause discharge of minor volumes of relatively
metal-rich ground water. However, seepage from poorly consolidated tailings piles and adits at historic workings
is likely to be the most common source of metal contamination of surface water near this type of gold deposit.

Mining and milling methods
Both underground and open pit mining methods are presently being used to extract ore. In the United States, except

for southeastern Alaska, open pit mining is most common. During milling, ore is usually crushed and ground in a
ball mill; subsequently, gravity concentration is used to remove the largest gold particles. Remaining ore is reground,
classified and thickened, recycled through the gravity concentrator, and then processed in cyanide vats for 48 hours.
The slurry is subsequently sent to a carbon-in-pulp circuit where dissolved gold is adsorbed on carbon. Gold is then
stripped from carbon and electroplated on steel wool before being refined into bullion in a furnace. Alternatives to
vat leaching during cyanidation include in situ and heap leaching.

In some parts of the world, mercury amalgamation is still being used to aid gold recovery. Sulfur
compounds, which adversely impact the amalgamation process, are eliminated by first roasting ore. Mixing mercury
with gold concentrates results in amalgam that leaves gold behind when the mercury is volatilized.

ENVIRONMENTAL SIGNATURES

Drainage signatures

For both mined and unmined orebodies, low sulfide mineral contents of ore and acid-buffering capacity of
widespread carbonate alteration assemblages generally prevent significant acid-mine drainage and heavy metal
contamination associated with this deposit type.

Natural drainage: Limited data (Carrick and Maurer. 1994; Cieutat and others. 1994; Trainor and others. in press)
suggest that unmined occurrences have little impact on surface water pH or trace element content. In southern
Alaska, data indicate that arsenic abundances increase from <5 to 6 ug/l, iron from <20 to 140 ng/l, and sulfate from
<2 to 3 to 5 mg/l where natural water encounters unmined low-sulfide gold quartz vein occurrences.

Mine drainage: Arsenic and iron abundances in water draining small workings may be enhanced by one to two
orders-of-magnitude relative to background abundances downstream from unmined occurrences (Cieutat and others,
1994; Trainor and others. in press). Other metals do not exhibit corresponding enrichments. Even water draining
directly from major pits and extensive underground workings can have neutral pH and low metal contents; water
draining the Alaska-Juneau pit and underground workings, Alaska's largest gold mine, contain <6 pg/l arsenic and
<100 pg/l iron at a pH of 8.0; sulfate abundances in this water are as much as 340 mg/l1 (Echo Bay Mines, unpub.
company data). Water flowing out the portal of the Independence, Alaska, mine in the Willow Creek district, the
fourth largest past lode gold producer in the state, has a pH of 7.8 and contains <40 pg/l iron, 37 pg/l arsenic, and
<4 pg/l cadmium, copper, lead, antimony, tungsten, and zinc (R.J. Goldfard, unpub. data, 1995).

In rare examples, locally high concentrations of sulfide minerals can lead to significant metal-rich and (or)
acid mine drainage. Contaminated water that drained from an old adit at the site of an open pit gold mine at
Macraes Flat, South Island, New Zealand, which had a pH of 2.9 and elevated dissolved metal abundances, including
as much as 77 mg/l zinc and 80 mg/l iron (BHP Gold, New Zealand, unpub. company report, 1988), may reflect this
type of situation.

Seepage from poorly consolidated tailings piles may be more acidic. Small volumes of water seeping from
tailings in the Cariboo district, British Columbia has a pH of 2.7 and contains 556 pg/l arsenic and elevated
abundances of cadmium, copper, lead, and zinc (Azcue and others, 1995). Seepage from sulfide mineral concentrates

e ———————————_—————
at an abandoned mill site, of the Treadwell, southeastern Alaska, mines has a pH of 2.9 and contains 330 mg/I iron,
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2500 pg/l zinc, 380 pg/l copper, 160 pug/l cobalt, 100 pg/l nickel, 32 pg/l cobalt, and 21 pg/l lead (R.J. Goldfarb,
unpub. data, 1995).

Mercury, which is used for gold extraction, is extremely enriched in sediment and fish tissue in drainages
downstream from many historic low-sulfide gold mines (Callahan and others, 1994). Down-river from present-day
gold mines in Brazil, mercury abundances are as much as 20 ppm in sediment, 2.7 ppm in fish, and 8.6 pg/l in water
(Pfeiffer and others, 1989). Down-river from the California Mother lode veins, dredged river sediment contains as
much as 37.5 ppm mercury and surface and ground water contains 13 to 300 pg/l mercury (Prokopovich, 1984).
Extreme mercury abundances have been documented in sediment in drainages of the Carolina slate belt and the
Dolgellau gold belt, Wales, more than 75 years after cessation of mining (Fuge and others. 1992; Callahan and
others, 1994). Unfiltered and filtered samples of water draining tailings piles in the Fairbanks, Alaska, district

contain as much as 0.58 and 0.11 pg/l mercury, respectively (R.J. Goldfarb, unpub. data, 1995).

Metal mobility from solid mine wastes

Acid mine drainage problems are probably restricted to water that infiltrates untreated mine dump piles. In temperate
climates, initial spring snow melt draining dumps is likely to contain significant heavy metal abundances, including
arsenic, iron, and antimony, and less commonly lead and zinc, mainly due to dissolution of soluble salts accumulated
during winter. In most cases, small volume acidic effluent seeping from waste piles is diluted to background
abundances upon entering adjacent stream channels; consequently, environmental impact is restricted to surface
channels upstream from their intersections with the nearest, major surface waterway.

Arsenic is usually the trace element of greatest environmental concern in soil associated with mine tailings.
Inadvertent soil ingestion by young children and arsenic-rich household dust pose potential risks to human health.
These risks have become serious public issues in parts of the California Mother Lode belt where housing projects
have been developed on soil derived from old mine tailings (Time, September 25, 1995, p. 36). Secondary, arsenic-
bearing salt minerals, and to a lesser extent, relatively insoluble arsenic-bearing sulfide minerals, become bioavailable
primarily by adsorption from the fluid phase in the small intestine. Geochemical factors that control arsenic
bioavailability from soil include the type of arsenic-bearing mineral, the degree of encapsulation of that mineral in
an insoluble matrix, the nature of alteration rinds on mineral grains, and the rate of arsenic dissolution in the

gastrointestinal tract (Davis and others, 1992).

Soil, sediment signatures prior to mining
Arsenic concentrations in soil and sediment are about 50-1,000 ppm near unmined deposits; background abundances

elsewhere are typically 10-40 ppm. Antimony levels are commonly >5 ppm near deposits, whereas they are normally
<2 ppm in areas unaffected by hydrothermal activity (Bowell and others, 1994; R.J. Goldfarb, unpub. data, 1995).

Potential environmental concerns associated with mineral processing

Summarized from Ripley and others (1995).

(1) Mercury amalgamation, commonly used in historic gold extraction processes, may have deposited significant
amounts of mercury in tailings piles. Where amalgamation is still used, volatilized mercury generated by the process
may significantly affect air quality because as much as ten percent of the mercury used is lost to the atmosphere.
(2) Most cyanide used for gold extraction is recovered and recycled, but some inevitably remains in tailings liquor
and can leak into regional ground water networks. Any loss of cyanide to the environment is a major concern
because it is toxic to a wide variety of organisms. Many mills now use chemical-treatment systems to convert
hazardous cyanide compounds to insoluble compounds that are not bioavailable. This is especially critical in cold
climates where natural volatilization of cyanide from holding ponds is relatively slow.

(3) Where heap-leaching methods are employed, environmental risks are greater. Leakage and erosion risks are
greatly increased, as are risks to wildlife, because cyanide leaching is usually done outdoors. Insitu leaching, if
applied to relatively impermeable orebodies, could result in local aquifer contamination.

(4) Roasting ore that contains abundant sulfide minerals emits significant amounts of arsenic trioxide and other metal
oxides into the atmosphere.

(5) Highly acidic effluent is produced during sulfide bio-oxidation. Without proper neutralization or during spills,
this effluent can be extremely hazardous.

(6) Crushing and grinding ore may present noise and dust hazards.

Smelter signatures
Ore derived from these deposits is not smelted.
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Climate effects on environmental signatures

In dry and seasonally wet climates, the potential for generating small-volume pulses of significantly metal-enriched
acid mine drainage is enhanced by evaporation and soluble salt accumulation. In wet climates, increased surface
runoff enhances dilution and may mitigate peak acid and heavy-metal concentrations that characterize mine drainage
in dry and seasonally wet climates.

Geoenvironmental geophysics

Wide-band electromagnetic systems can be used to identify major shears associated with veins that may serve as
major ground water conduits. Direct current and electromagnetic resistivity and magnetic surveys can be used to
study porous rock associated with faults and shear zones that may control ground water flow. Within and downslope
from mine areas, low-resistivity acid- or metal-bearing water can be identified with electromagnetic or direct current
induced polarization/resistivity surveys and ground penetrating radar. Structural and stratigraphic features such as
bedrock topography, buried channels, and aquitards that affect water flow away from mine areas may be studied with
electromagnetic or direct current resistivity, seismic refraction, and gravity surveys. Stratigraphic details in shallow
sand and gravel water pathways can be investigated with seismic reflection and ground penetrating radar. Water flow
may be monitored using self potential.
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Case Studies from the Northern Cordillera

Our recent work in the northern Cordillera has emphasized collection of empirical data that define
the environmental signatures of the mineral deposit types commonly associated with accreted terranes and
superimposed arcs (Gray and Sanzolone, 1996). Objectivés have included establishing estimates for pre-
mining geochemical baselines in highly mineralized belts (fig. 1), as well as determining the environmental
effects of various mining and processingj activities. These studies are particularly important for this part of
North America because numerous mineral deposits exist there that have not yet been developed and resulting

data are critical for future mining, monitoring, and remediation programs.
Shale-hosted massive sulfide (SEDEX) déposits

The inﬂuencelof geology on natural background concentrations of metals in water is obvious in
studies of shale-hosted stratiform Pb-Ag-Zn SEDEX massive sulfide deposits from the northwestern Brooks
Range. Natural background concentrations of metals in waters from the undisturbed (unmined) Drenchwater
prospect and Lik deposit were compared tgo pre-mining baseline studies (Dames and Moére, 1983) conducted
at Red Dog. Results suggest that the prirﬁary factors affecting water chemistry are the extent of exposure of

the deposits, the grade of mineralization, the presence of carbonate rocks in the section, and the proportion

o,

of Fe-sulfide in the ore (Kelley and Taylor, 1997).

Red Dog deposit

The Red Dog deposit is hosted by black carbonaceous shale of Mississippian and Pennsylvanian
age. The primary ore mineral at Red Dog is sphalerite with lesser amounts of galena, pyrite, or marcasite.
Ore minerals were exposed at the surface prior to mining. The deposit was discovered due to the presence of
bright red-orange streams draining the deposit. Minus-80-mesh stream-sediment samples collected within
2.5 km of the exposed deposit had extremely high concentrations of Zn (up to 6,000 ppm), Pb (3,400
ppm), Cd (25 ppm), and Ag (7 ppm) (Tailleur, 1970; Theobald and Barton, 1978).

A two-year baseline study conducted by Dames and Moore (1983) for the mining company in the
1980's showed that pre-mining surface waters from the Red Dog deposit area were acidic and metal-rich. For
instance, in July of 1981, surface waters from Red Dog Creek immediately draining the deposit area were
devoid of fish due to its acidity (pH of 3.5) and metal-rich character (Zn=40,400 ppb; Pb=2,100 ppb;
Cd=393 ppb). In Ikalukrok Creek about 14 km below the deposit, elevated concentrations of Pb (50 ppb),
Zn (1,100 ppb) and Cd (20 ppb) were also reported. As far as 40 km downstream in Ikalukrok Creek, waters
were found to contain a decrease in the number and diversity of fish. Although these waters were more

neutral in pH (7.4), they still contained high concentrations of zinc (338 ppb) and Cd (12 ppb). These
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Figure 1. Locations of environmental case studies from the northern Cordilleran.




values are many times greater than background concentrations in the area. For example, surface waters
draining unmineralized areas contained <0.1-9.2 ppb Pb, 38-190 ppb Zn, and 2-3 ppb Cd (Dames and
Moore, 1983).

Seasonal fluctuations in data from Red Dog show that there are significant increases in metal
concentrations in late summer and early fall. In May and June, the early months of summer, the metals are
relatively low (Dames and Moore, 1983), suggesting that dilution is a major mechanism for attenuation or

decreasing metal concentration.

Drenchwater prospect

The Drenchwater prospect is similar to Red Dog except that pyrite is the dominant sulfide mineral.
Mineralized rocks consist of a broad zone of disseminated sulfides or semi-massive sulfides in black shale
and chert of Mississippian and Pennsylvanian age. The sulfides easily weather and oxidize to iron oxides.
Stream-sediment geochemical studies indicate that drainages surrounding the Drenchwater prospect contained
anomalous concentrations of Ag, As, Ba, Cd, Cu, Mn, Ni, Pb, Sb, and Zn (Kelley et al., 1992). However,
except for Zn whiéh occurred in concentrations as high as 1,600 ppm, most elements were relatively lower

compared to sediments from Red Dog, evidence of the pyrite-dominant mineralized rock at Drenchwater

compared to Red Dog. _ o

In July, 1994, surface water samples from Drenchwater and False Wager Creeks and their
tributaries were collected. Both creeks drain mineralized areas. Discovery Creek drains a semi-massive
sulfide unit and flows into Drenchwater Creek. Results indicate that Discovery Creek water is enriched in
Al, Fe, Mn, Cd, Co, Cu, Ni, Pb, and Zn (fig. 2A; Kelley and Taylor, 1997). Conductivity, pH, and metal
concentrations in surface waters from lower Drenchwafer Creek, below the confluence with Discovery
Creek, also reflect the input of naturally enriched waters from Discovery Creek. The dissolved element
profiles for most metals show typical dilution patterns for waters enriched by a single point source. For
instance, water from Discovery Creek has low pH (4.5) and high metal concentrations (Zn=1,400 ppb;
Cd=6 ppb; Fe=3 ppm), but below the confluence of Discovery Creek with Drenchwater Creek, the
concentrations gradually decrease and pH gradually increases with distance downstream from the confluence.
The decreasing metal concentrations in lower Drenchwater Creek with distance downstream from the
confluence is probabiy due to adsorption of metals on hydrous Fe oxides. Stream pebbles and cobbles in
the stream bed along Drenchwater Creek immediately downstream from the confluence with Discovery
Creek are coated with abundant Fe-rich hydrous oxides. Acidic stream waters from Discovery Creek flow
into Drenchwater Creek and mix with near neutral waters which typically increases the pH. This increased

pH results in adsorption of metals on hydrous Fe-oxides which are present in the sediment and it decreases

dissolved metal concentrations.
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Figure 2. (A) Enrichment factors for stream water samples from the Drenchwater prospect area, with factors representing
the ratio of the listed parameter for water below to that directly upstream of the prospect. (B) Diagram showing the relation
between pH and metal content of stream waters from the shale-hosted massive sulfide deposits, western Brooks Range.
Carbonate rocks exposed near the Lik deposit buffer the acidity and limit the metal-carrying capacity of the waters. The
relativelyhigh metal content in waters from the Red Dog deposit reflect either a greater extent of surface exposure of sulfide
minerals and/or the higher grade of mineralization.
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The most acidic waters from the Drenchwater prospect area are those from False Wager Creek
which drains the deposit on the sdutheast side. Natural waters from False Wager Creek have pH values
down to 2.8 with up to 95 ppm Al, 230 ppm Fe, 1,180 ppm SO,, and 2,600 ppb Zn. Many of the more
acidic streams are depositing Fe-oxide coatings on stream sediments, or as a ferricrete cement on the bottom
of the creek. Analyses by x-ray diffraction revealed that this material is crystalline jarosite
[KFe,(SO,),(OH);], with variable amounts of quartz, kaolinite, and amorphous Fe oxides (Kelley and

Taylor, 1997).

Lik deposit

The Lik deposit, which has not been mined but has been extensively drilled, is located 12 km
northwest of Red Dog and is similar to Red Dog and Drencl%water in that it is hosted by Mississippian and
Pennsylvanian black shale, but unlike these deposits, it has a thick section of carbonate rocks that are
exposed upstream or upgradient from the mineralized zone. The dominant ore minerals are pyrite,
marcasite, sphalerite, and minor galena. In addition, significant amounts of calcite or sparry dolomite occur
in small veins cross-cutting the deposit, and as intergrowths with the sulfides.

Sediment samples from streams draining the deposit contain high Zn (6,000 ppm), Pb (251 ppm),
and Cd (23 ppm) (Briggs et al., 1992). Soil also excellently delineates the mineralized zone. Soils collected
away from the mineralized zone, or in areas where the mineralized zone is at great depths, had pH values of
around 6-7, but immediately overlying the mineralized zone, pH values were as low as 3.9 and
corresponding zinc concentrations were as high as 3,470 ppm (Briggs et al., 1992). Similarly, Ag, As, Cu,
and Pb all show significant anomalies directly above or slightly displaced from the mineralized zone. For
instance, directly overlying mineralized rocks, soils contained maximum concentrations as high as 3.5 ppm
Ag, 77 ppm As, 229 ppm Cu, and 4,730 ppm Pb.

In spite of metal-rich sediments and soils from Lik, stream waters draining the deposit are not
acidic and contain mostly low dissolved metal concentrations.- A diagram of pH versus dissolved metal
concentrations illustrates how waters from Lik are mostly near neutral with low concentrations of most
elements except Zn which reached 2,000 ppb in a few cases. The presence of carbonate rocks in the section

at Lik serves to buffer the acidity of the water and thereby lower its metal-carrying capacity.

Summary and comparison of Brooks Range deposits with examples from the Selwyn basin

The geochemistry of surface waters from the three shale-hosted SEDEX deposits in the Brooks
Range shows how ore mineralogy and host rock or country rock lithology can affect drainage compositions
(fig. 2B). Waters from deposits like Drenchwater and Red Dog, which have no carbonate rocks in the

section, have low pH (less than 3 in some cases) and high metal concentrations, particularly Zn, Cd, Fe,

Cl¥




and Pb. The relatively higher concentrations of metals from Red Dog waters compared to Drenchwater is
probably a result of higher zinc grades at Red Dog.

Neutral pH and low dissolved metals except zinc occur in waters from deposits with abundant
carbonate rocks in the section, such as the Lik deposit. Its important to note at Lik that only the
headwaters of the streams originate in carbonate rocks. With distance downstream (within 400-800 feet of
the headwaters), the streams drain almost exclusively shale or chert rather than carbonate. The shale-hosted
sulfide deposit is located about 650 m downstream from any exposure of carbonate rock; however, because
the stream originates in carbonates, and there are carbonate rocks in float along the stream, the water
remains buffered.

A comparison of the Brooks Range deposits with others in the MacMillan Pass area of east-central
Yukon Territory show that naturally occurring acidic streams are common in areas draining massive sulfide
deposits in that area (Kwong and Whitley, 1991). For example, waters draining sulfide-rich rocks with
negligible neutralization potential have pH’s down to 2.98 with correspondingly high concentrations of Zn
(5,000 ppb), Cd (132 ppb), and SO, (1,610 ppm). As with the Brooks Range examples, Kwong and
Whitley (1991) concluded that water chemistry is strongly controlled by local lithology.

Skarn and Kennecott-type deposits of east-central Alaska

Fe- and Cu-rich sulfide minerals in mineral occurrences and in mine and mill tailings piles in the
Wrangell Mountains of eastern Alaska represent a major p(;téhﬁal source of acid mine drainage. Oxidation
and hydrolysis of metal sulfides from mined and unmined gold-bearing skarn and the massive Kennecott-
type ores could release high concentrations of trace metals into the environment. However, as shown by
Eppinger et al. (1997), thick carbonate sequences that host most of the mineralization buffer surface waters

and hinder significant metal transport (fig. 3). Most of the subsequent discussion is summarized from their

study.
Fe-Cu-Au skarn deposits

Middle Cretaceous calcic Cu and Au skarns occur in Upper Triassic carbonate rocks on the flanks
of the Wrangell Mountains. Garnet-chalcopyrite-dominant assemblages in limestone, with significant gold
grades, characterize the Nabesna mine. The adjacent Rambler gold mine is developed in pyrrhotite- and
pyroxene-rich bodies in dolomite. In addition to the pyrrhotite and chalcopyrite, other metallic minerals at

the now abandoned workings include pyrite and magnetite, with lesser galena, sphalerite, arsenopyrite, and

stibnite. v ’
Unmined ore, mine waste, and a broad area of fine mill tailings are now scattered below the old

workings. X-ray diffraction studies of the tailings identified 4 variety of secondary iron sulfate minerals
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precipitated during dry periods (Eppinger et al., 1997). In the short term, these salts lock up many of the
weathered metals and prevent dispersion into the surrounding ecosystem. However, many of the salts such
as rozenite (FeSO,.4H,0) and copiapite (Fe,,0,(S0,);363H,0), are highly soluble. The minerals thus have
the potential to release a major flux of acidity and metals into the environment during the sudden onset of
wetter conditions. -

Laboratory leachate studies of the ores and the mine and mill tailings from the skarns were used to
quantify possible mobility of trace metals (Eppinger et al., 1997). Leaching of these solid materials
showed resulting discharges often with pH’s between 2-3. Under such acidic conditions, surface waters
draining both zones of massive ore and oxidized, mined skarn material could typically have conductivities of
5,000-6,000 us/cm. Dissolved metals reached levels of as much as 1,000-3,000 ppm Fe, >20 ppm Cu, >4
ppm Mn, 2.5-3.5 ppm Pb, and 1.8-3.4 ppm Zn. '

In the field, however, sampling of springs and streams immediately downstream of all workings

_ and tailings indicated significantly lower dissolved metal conccatrations (Eppinger et al., 1997). The

carbonate country rocks buffered the waters to neutral to slightly alkaline. Under such conditions, only zinc
is highly mobile and runoff below the Nabesna mill tailings contained 0.36 ppm Zn. Conductivities were
still relatively high (often 400-900 us/cm regionally), reflecting the abundance of dissolved calcium and
bicarbonate. Increased dissolved loads, as shown by conductivities of 1,100-1,300 us/cm in waters below

the Nabesna mine and mill tailings, reflects elevated sulfate concentrations of about 400-600 ppm.

Kennecott-type deposits

Massive chalcocite and djurleite are stratabound in the lowermost 100 m of the Upper Triassic
Chitistone Limestone, which overlies the extensive, Cu-enriched subaerial basalt flows of the Nikolai
Greenstone in the Wrangell Mountains. These ore minerals are now widely altered to anilite, covellite,
malachite, and azurite. Massive copper ores also contain as much as 700 ppm Ag, 1,000 ppm Pb, 360
ppm Zn, and 2,000 ppm As (MacKevett et al., 1997). The mining of the Kennecott ore essentially ceased
in 1938 and the deposits now form an enclave within the Wrangell-Saint Elias National Park and Preserve.
Piles of carbonate-rich mine waste rock remain along the hillside below many of the old workings.

The importance of geology on the environmental behavior of mineral deposits is apparent from the
drainage signatures below the Kennecott mine workings. All surface waters and springs, even downstream
from extensive tailings accumulations, meet the State of Alaska’s MCLs for public drinking water (Table
1) and range between 7.7-8.2 in pH (Eppinger et al., 1997). Despite the blocks of massive copper ore in
waste piles and any copper enrichments still unexposed in the underground, most sampled waters contain
<10 ppb Cu. Iron concentrations are consistently <20 ppb and sulfate levels are <10 ppm throughout the
district. The lack of acidity and low metal contents for waters draining the abandoned mine lands of this

major mineralized district reflect the buffering due to carbonate host rocks and the lack of unstable sulfide
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Table 1. Water standards used for reference in these studies.
[concentrations are in pg/L, micrograms per liter (ppb), --, standard has not been established].

Element EPA criteria maximum State of Alaska maximum
concentration (CMC)' contaminant level (MCL)?
Arsenic 360 50
Antimony - 6
Mercury 2.4 2
Copper 18 1,000
Lead® 82 -
Zinc? 120 5,000
Cadmium’® 3.9 5
Iron - 300
Sulfate _ -- 250,000

ICMC is the Environmental Protection Agency's water quality criteria to
protect against acute effects in aquatic life and is the highest instream concentration
of a toxic pollutant consisting of a 1-hour average not to be exceeded more than
once every 3 years on the average.

MCL is the maximum concentration allowed by the State of Alaska in public
drinking water systems. Concentrations listed for copper, zinc, iron, and sulfate are
secondary MCL's that are reasonable goals and provide a general guideline for public
drinking water systems.

*These element standards vary with water hardness. Values listed are for a water
hardness of 100, which is similar to that for streams studied here.
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minerals such as pyrite. The dominant copper sulfides, chalcocite and djurleite, are relatively stable and do

not readily oxidize leading to acidic mine drainage. Therefore, acidic mine drainage is not a problem.

Besshi- and Cyprus-type VMS deposits

Tertiary Besshi- and Cyprus-type VMS deposits are widespread throughout the Prince William
Sound region of south-central Alaska (fig 4A). These Fe-Cu-Zn deposits were mined in the early 1900’s
and now are reflected by numerous abandoned workings on lands of the Chugach National Forest. Ore
mineralogy is dominated by pyrrhotite, pyrite and chalcopyrite, with lesser sphalerite within
metasedimentary and mafic metavolcanic host rocks. The Beatson mine on LaTouche Island was Alaska’s
second largest past copper producer and workings there include a large glory hole that is now filled with
water. The mine-waste piles (fig. 4B), underground workings (fig. 4C), and unmined ore zones within the
forest have the potential to produce acidic and metal-rich discharge into local drainages. Where such

discharge océurs, potential hazards exist for the local vegetation, aquatic life, and wildlife.

Acid-mine drainage

Where unoxidized to weakly oxidized, unmined, metalliferous rocks interact with stream waters,
metal levels are little elevated above background concentrations (Goldfarb et al., 1996). Also, waters
draining mine adits typically show only slight metal enrichments. These waters have pH values of 6-7 and
have maximum dissolved Fe concentrations of 310 ppb and total base metals <1 ppm.

Acid drainage characterizes discharge that has interacted with many of the abandoned and highly
oxidized tailing piles at the deposits (Goldfarb et al.., 1996). Mine drainage is most acidic at the Duchess
and Blackbird metasedimentary rock-hosted deposits on LaTouche Island, where waters with pH=2.6-2.7
drain directly out of bright-green bryophyte mats that surround the bases of the sulfide-rich tailings piles.
Less acidic (4.3-6.4) waters are common below other tailings piles within the Chugach National Forest.
Under the more acidic conditions, oxygenated surface waters contain dissolved loads of as much as 21,000
ppb Fe, 3,600 ppb Cu, 3.300 ppb Zn. 220 ppb Pb, 30 ppb Co, 150 ppb Ni, 27 ppb Cd, and 311 ppm
sulfate. Most of these values exceed the State of Alaska’s maximum contaminant levels (Table 1) and thus,
at least locally, metals are elevated to concentrations that could potentially be hazardous to wildlife.
However, effluent is rapidly diluted to natural background levels for all metals and to alkaline pH’s upon

entering more major stream channels a few hundred meters below all abandoned mine lands.
Hydrogeochemistry of the Beatson glory hole
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Figure 4. (A) Location map of the major VMS deposits in the Prince William Sound area. (B) Iron-stained tailings
adjacent to the Duchess mine, LaTouche Island. (C) Mine discharge from the Schlosser adit in Port Fidalgo. (D) Water-
filled glory hole at the Beatson mine, LaTouche Island. (E) Drainage below the Beatson glory hole discharging down

to Prince William Sound. (F) Diagram showing the relation between pH and metal content of surface waters from VMS
deposits of the Prince William Sound area. Fields A, B, C define waters for the West Shasta VMS deposits, sulfide-rich
vein deposits in rocks with low buffering capacity, and sulfide-rich vein deposits in carbonate rocks, respectively (Plumlee
et al., 1994). Mine drainage from VMS deposits in the humid Prince William Sound area is typically much less acidic and
metalliferous than from VMS' in the more arid West Shasta district.
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The water-filled glory hole pit at the Beatson copper mine (fig. 4D) is about 500 m from the
shoreline of Prince William Sound. It, therefore, represents a potential significant contaminant source to
the marine environment. The water has a blue-green color, which suggests that it contains a significant
amount of ferrous sulfate in solution. Discharge from the pit to the Sound (fig. 4E) occurs through an old
adit at the pit base at arate a\}craging about 10 cfs during the summer.

Water in the pit had a pH of 4.8 when measured in 1957 (Shacklette, 1961); we determined water
in the glory hole to have a pH of 7.25 some 40 years later, with discharge at the pit base slightly more
acidic with a pH of 6.5 (Goldfarb et al., 1996). The most likely causes for the shift to more alkaline values
over time include long-term consolidation of tailings, which hinders significant water/sulfide mineral
interaction; flushing of originally more acidic mine waters from the pit; and/or decreased sulfide oxidation in
the flooded pit. Iron, Cu, Zn, and sulfate concentrations in waters exiting the pit are only an order of

magnitude above natural background levels; the relatively neutral waters hinder more significant metal

dissolution.
Discussion

The weathering of ores from VMS deposits can produce the most acidic, metal-rich mine drainage
of any mineral deposit type (Smith et al., 1994). The severity of the acid mine drainage will be dependent
on a number of factors, including sulfide concentration, access of oxygen to the sulfides, local hydrology,
and acid-neutralizing capacity of the host rock. Study of the Prince William Sound VMS deposits (Goldfarb
et al., 1996) indicate that such drainage will most likely be present where surface waters percolate through
abandoned tailings piles (fig. 4F). Total dissolved Fe is as much as 21 ppm and base metal contents
(Zn+Cu+Cd+Co+Ni+Pb) range between 1-7 ppm in waters With pH <4.5. Under these low pH conditions,
all of the heavy metals are relatively mobile and adsorption on iron-rich suspended material is not
significant (Smith et al., 1992). In less acidic waters, hydrous iron oxides will sorb many metals, resulting
in Jower dissolved concentrations.

Both the metasedimentary and metavolcanic host rocks have buffering capacities intermediate
between the low capacity of granite and high capacities of carbonate rocks. Slightly calcareous mafic
volcanic rocks, such as those at the Rua Cove copper deposit, will have a higher buffering capacity than the
metasedimentary rocks. This difference likely explains the more metalliferous and acidic drainage below
tailings of the Blackbird and Duchess mines relative to piles at the Rua Cove mines. The relatively less
contaminated waters draining the flooded Beatson glory hole and many adits in the region largely reflect
more limited oxidation of Fe-sulfides and less interaction between oxidized waters and the sulfides.

Climate plays a major role in defining the severity of acid-mine drainage. In the humid rainforest
of Prince William Sound, any acid drainage from abandoned mine workings is rapidly diluted as it typically

enters a nearby stream channel with discharge volumes orders of magnitude greater. Much more extreme
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and toxic acidic waters are produced from weathering of VMS deposits in more arid environments. Charlie

Alpers will describe such conditions from northern California later in the short course.
Mercury-rich epithermal vein deposits

The regional geoenvironmental model for arc-related epithermal vein deposits, which are widespread
in SW Alaska, emphasizes concerns associated with Hg-enriched mineralogy. Numerous epithermal
deposits and abandoned mercury mines are located throughout the Kuskokwim River basin in southwestern
Alaska. The deposits are mainly hosted in sedimentary rocks of the Cretaceous Kuskokwim Group.
Formation of these deposits is closely associated with igneous activity of a Late Cretaceous and early
Tertiary magmatic arc in southwestern Alaska (Gray et al.? 1997). The mineralogy of the deposits is
dominated by cinnabar and stibnite with subordinate realgar, orpiment, native mercury, pyrite, gold, and
solid and liquid hydrocarbons; quartz, calcite, limonite, dickite, and sericite are alteration gangue minerals.
Several of the deposits were mined between the early 1900's and the 1980's, but they are not currently
operating because of low prices and low demand for mercury. About 41,000 flasks of mercury (1 flask=76
1b or 34.5 kg) have been produced from the region, which is about 99 percent of the total mercury produced
from Alaska. Red Devil is the largest mercury mine in Alaska and it produced about 36,000 flasks of
mercury. Most of the deposits consist of small, discontinuous veins that rarely exceed a few meters in
width and a few tens of meters in strike length. The deposits generally contain about 1 to 5 percent
mercury and less than 1 percent antimony and arsenic, but are base- and precious-metal poor. The presence
of the abandoned mercury mines in southwestern Alaska is a potential hazard to residents and wildlife

populations because drainage enters streams and rivers that are part of local ecosystems.

Mercury is a heavy metal of environmental concern because elevated concentrations can be toxic to
living organisms. Mercury has no known metabolic purpose, and contaminations are regarded as
undesirable and potentially hazardous (National Academy of Sciences, 1978). Most mercury
toxicity problems are related to organic mercury compounds, of which methylmercury is the most toxic to
humans (Eisler, 1987). Conversion of inorganic forms of mercury (for example, cinnabar) to
methylmercury is generally a result of bacterial activity. Methylmercury is volatile, water soluble, and
concentrates in tissues (bioaccumulation) of fish and other aquatic organisms. Once mercury is converted to
water-soluble forms, like methylmercury, it becomes readily available to biota. Mercury can increase in
concentration with increasing trophic position in the food chain (biomagnification), such as fish.

Concentration of mercury in fish provides an easy pathway for mercury to enter the food chain (Eisler,

1987).
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To evaluate environmental concerns, concentrations of mercury were measured in stream-sediment,
stream-water, and fish collected downstream from deposits and mines. Mercury concentrations in fish are
used to address the levels of mercury in the food chain that could eventually affect human health. Samples
were also collected throughout SW Alaska where there are no known mercury deposits to establish regional

backgrounds.

Mercury in the environment in SW Alaska

Stream-sediment samples collected downstream from ’:abandofx'eﬂd mines contain as much as 5,000
ppm Hg (Gray, 1994), whereas those collected from streams in unmineralized areas typically contain <1.0
ppm Hg. The high mercury concentrations in the former are due to the presence of the cinnabar (HgS) that
is resistant to physical and chemical weathering. But, although these total mercury concentrations in the
stream-sediment samples are high, mercury speciation studies indicate
that concentrations of the highly toxic methylmercury are low. Methylmercury concentrations rarely exceed
1.0 ppb in stream-sediment samples, and usually comprises <1 percent of the total niercury.

Stream waters below the mercury mines in SW Alaska are slightly alkaline, with pH values of
7.1-8.4 (Gray et al., 1996). Acid formatioh in streams below the mines is generally insignificant Because
cinnabar is highly insoluble in water. Cinnabar does not easily form acid drainage during weathering and
there is rarely enough pyrite in these deposits to generate any significant acid drainage. Unfilts:red stream-
water samples collected below mercury mines generally contain <1.0 ppb Hg, but may contain as much as
2.5 ppb Hg. Where corresponding stream-water samples are filtered through a 0.45 pm membrane, they
contain <0.20 ppb Hg. These stream-water results indicate that suspended material transports most of the
mercury downstream from the mines (fig. 5A). Mercury speciation studies indicate that concentrations of
methylmercury are low in stream-waters. Methylmercury concéntrations are typically <0.10 ppb in filtered
and unfiltered stream-water below the mines. :

All filtered and unfiltered background stream-water samples collected distal to any known
epithermal occurrences in the region contain <0.10 ppb Hg. The mercury concentrations in these stream
waters are, therefore, far below both the 2.0 ppb drinking-water standard recommended by the State of
Alaska and the 2.4 ppb maximum concentration recommended by the U.S. Environmental Protection
Agency (EPA). However, some background data exceed the 0.012 ppb concentration that the EPA indicates
may result in chronic effects to aquatic life. When stream water exceeds 0.012 ppb, edible portions of fish
are analyzed to determine if they exceed the FDA action level of 1 ppm wet weight. .

Muscle samples (edible fillets) of freshwater fish collected downstream from mines contain as
much as 0.62 ppm mercury (wet weight). Mercury concentrations for these fish are considered elevated

because similar fish collected from background streams contain only about 0.10 ppm mercury (Gray et al.,
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1996). Generally, methylmercury comprises more than 90 percent of the total mercury in fish muscle,
which is typical for freshwater fish. Although fish collectec¢ downstream from the mines contain mercury
concentrations higher than background samples, the mercury contents in the fish are below the 1.0 ppm
FDA action level for edible (fig. 5B). Mercury concentrations were also measured in salmon collected from
large rivers in the region bec_:ause these fish are often consumed by local residents and sportsmen. Mercury

concentrations in muscle samples of the salmon are low, <0.10 ppm, and are also below the FDA action

level.

Conclusions

Stream-sediment, stream-water, and fish samples collected downstream from the abandoned
mercury mines contain high concentrations of mercury in comparison to regional background concentrations
in corresponding samples. Cinnabar, derived from epithermal deposits upstream, is the dominant source of
mércury in the stream environment. However, cinnabar is highly insoluble in water and rarely forms acid
drainage during weathering, and thus, stream waters below the mercury mines generally have near neutral to
slightly alkaline pH.

The low concentrations of methylmercury in stream-sediment and stream-water samples indicates only
minor conversion of inorganic mercury in cinnabar to the highly-toxic methylmercury. The elevated
mercury concentrations in fish collected near the mines indicate that some biologically available mercury is
taken-up by the fish. The fish probably accumulate the mercury through their gills from suspended
particulates in stream water or from food sources. When mercury enters the food chain it can be hazardous
because mercury tends to concentrate in the highest predators through biomagnification. Mercury
concentrations in fish are useful for addressing the levels of mercury in the food chain that can eventually
affect human health. However, all of the fish analyzed contain mercury concentrations below the 1.0 ppm
action level for edible fish recommended by the FDA. These results represent a case study of the

environmental effects of mercury mines that has application to similar mercury-rich mineral deposits

worldwide.
Orogenic gold vein deposits

The low sulfide content (generally no more than 1-3 percent of the vein) of mesothermal gold-
bearing vein deposits throughout Alaska leads to a model that predicts generally minimal impact on local
ecosystems from unmined or mined occurrences. These Cretaceous and early Tertiary vein deposits occur in
greenschist facies belts of accreted terranes; host rocks include metasedimentary units and felsic to mafic
igneous bodies. The mineralogy of the ore systems plays a major role in determining the chemical character

of associated mine drainage (Smith et al., 1994). The sulfide mineral assemblage from one deposit to the
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next varies and is dependent upon host rock. In dioritic host rocks in the Willow Creek district and at the
Treadwell mine of the Juneau gold belt, pyrite is the dominant sulfide phase. At the Alaska-Juneau mine,
where veins lie along metagabbro-phyllite contacts, pyrrhotite, sphalerite, and galena are the dominant
sulfide phases. In the schist-dominant part of the Fairbanks district, where we conducted our field
investigations, arsenopyrite and stibnite were the most common sulfide minerals in and around the gold
lodes; scorodite was a common weathering product of the former mineral . The high CO, content of the
ore-forming fluids leads to extensive carbonation of the surrounding country rocks. Surface waters have
been studied from above and below both abandoned and active mine workings in the Fairbanks, Willow

Creek, and Juneau gold districts (Goldfarb et al., 1997).

Acidity

The formation of acidic waters in association with mesothermal-type gold vein deposits is
prevented by the low-sulfide content of the ores and the presence of carbonate alteration minerals that buffer
water acidity. Most measured pH values for waters draining gold-mine workings in Alaska are alkaline and
similar to waters away from the mines. For example, waters draining the state’s largest past lode gold
producer, the Alaska-Juneau mine, have a pH of 8.0; those flowing out of the portal of the Independence
mine, the most significant working in the Willow Creek district, have a pH of 7.8.

Oxidation of the 2-3 percent sulfide minerals, mainly pyrite, within tailings piles near some of the
mines can lead to production of minor amounts of acidity. Waters collected below tailings piles in the
different districts (fig. 6A) typically had pH values between 6.7-7.5. Significant acid generation was only
noted at two locations. Water flowing through very fine-grained mill tailings in the stream valley adjacent
to the Hi-Yu mine (fig. 6B) in the Fairbanks district had a pH of 5.2. Near Juneau, processing of ore in the
early 1900’s at the Mexican mine on Douglas Island included concentrating sulfide minerals and dumping

them in the adjacent forest. Effluent collected downstream from these mine wastes (fig. 6C) had a highly

acidic pH of 2.9.
Dissolved Metals

Data from the Willow Creek gold district (Goldfarb et al., 1997) are typical of those from many
low-sulfide, gold-quartz vein districts. The lowest pH value measured in the district was near neutral (pH
6.9), and, as a result, dissolved-ion concentrations draining all workings were below the Alaska and EPA
water-quality standards. Total concentrations of 80 ppb As and 3,700 ppb Fe below the Gold Cord tailings
piles indicate enhanced transport of ferric hydrous oxides from oxidized, poorly consolidated mine wastes.

All cation concentrations in waters draining workings of the Alaska-Juneau deposit, the state's

largest past gold producer, are similar to background concentrations. Formation of sulfate during
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Figure 6. (A) Voluminous mine tailings ar the Independence mine, Willow Creek district. Water collected at the base

of the tailing pile contained dissolved amounts of only 3ppb As, 2.3 ppb Sb, <2ppb Zn, 0.6 ppb Pb, <2ppb Cu, and <40

ppb Fe. (B) Finely ground mine tailings adjacent to the Hi-Yu mine, Fairbanks district. The fine-grained nature to the
tailings led to minor amounts of acidity in the waters of Moose Creek. (C) Sulfide-rich mill tailings of the Mexican mine,
Treadwell orebody, near Juneau. Water at the base of these tailings had a pH of 2.9 and extremely high metal concentrations.
(D) Diagram showing the relation between pH and metal content of surface waters from Alaskan gold deposits. Fields A,

B, and C define waters for the West Shasta VMS deposits, sulfide-rich vein deposits in rocks with low buffering capacity,
and sulfide-rich vein deposits in carbonate rocks, respectively (Plumlee et al., 1994). Mine waters draining the gold deposits
are typically high pH/low metal, except where ore-processing techniques increase sulfide/water interactions.
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weathering of sulfide minerals leads to concentrations of as much as 349 ppm sulfate dissolved in mine
effluent. At the nearby Treadwell mine glory hole, waters contain cation and anion concentrations similar
to water samples collected from background sites. During mining and milling of ore at the Mexican mine,
sulfide minerals were likely concentrated. During resultant \'veathering of the tailings, the acidic waters of
pH 2.9 that were produced results in a dissolved load of 330;000 ppb Fe, 7,500 ppb Al, 1,800 ppb Mn, 160
ppb Co, 120 ppb Ni, 380 ppb Cu, 2,500 ppb Zn, 32 ppb Cd, and 1,130 ppm S042-.

The Fairbanks district is characterized by waters with variable, but often quite high, natural
background levels of dissolved arsenic and dissolved antimony. Some workers have determined naturally
occurring concentrations of as much as about 5,000 ppb As dissolved in groundwaters of the district
(Hawkins et al., 1982). Measured metal concentrations were as high as 260 ppb As and 23 ppb Sb in
surface waters upstream from mine workings (Goldfarb et al., 1997). Dissolved-antimony concentrations
were as much as 200 ppb in the Christina adit water sampies and 200 ppb in water collected below the
stibnite-rich tailings of the Scrafford mine. Total-iron and total-arsenic levels are elevated compared with
background levels where abundant oxides form in lode and placer tailings piles. Concentrations of as much

as 31,000 ppb Fe and 8,900 ppb As were measured along Too-Much-Gold Creek.
Discussion

Mining and weathering of low-sulfide, gold-quartz vem debbsifs typically result in limited
environmental contamination relative to the mining of mbre sulfide-rich déposit types (fig. 6D; du Bray,
1995). Arsenic from oxidized ores and mercury from processing procedures have characteristically been the
trace elements of greatest concern. Thermodynamically favored As (V) is the most common inorganic
arsenic species dissolved in natural waters, but the human metabolism tends to reduce the species to the
more toxic As (III) following ingestion. If As (IIT) becomes bioavailable and migrates to the kidneys and
other vital organs, it poses a major cancer threat in humans (Eisler, 1988; A.H. Smith et al., 1992). Little
work has been published on arsenic speciation in Alaska’s ground and surface waters. However, a limited
amount of data collected by Hawkins et al. (1982) indicates that As (III) makes up a high percentage of the
total arsenic dissolved in ground waters in the Fairbanks aistrict. In contrast to the relatively high toxicity
of inorganic arsenic, organic forms of mercury (such as methylmercury) are the most toxic, are soluble in
water, and are the most serious mercury health concern to humans and other living organisms.

Effluent from gold mine adits in Alaska is generzlly metal poor and neutral to slightly alkaline in
pH (Goldfarb et al., 1997). Waters collected from the adits in the Willow Creek district contained only 5-37
ppb dissolved As, <40 ppb dissolved Fe, 1.6-3.9 ppb dissolved Sb, and 6-38 ppm sulfate; base metals at
these sites are also below background levels. Similar low véiueg characferized cations in waters draining the
Alaska-Juneau orebody in the Juneau gold belt, although sulfatc levels were as great as 349 ppm. In
contrast, much higher dissolved-metal levels of 130 ppb Fe, 84 ppb As, 200 ppb Sb, and 1,500 ppb Zn
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characterize drainage from the Christina mine in the Fairbanks district. Corresponding total-arsenic and
total-iron concentrations are nearly an order of magnitude greater because of either the adsorption and
colloidal transport with hydrous oxides or the transport of fine-grained suspended material. The cause for
the higher dissolved metal concentrations at the Christina mine is uncertain. An abundance of caved-in vein
material within the adit may have enhanced water-rock int;raction.

The concentration of mined sulfide-bearing quartz .vein and wall rock material stored in abandoned
waste piles can be a significant source of hydrous ferric oxides with adsorbed metals and of mercury from
ore processing. None of the measured mercury concentrations below Alaskan gold mine workings exceeded
EPA-CMC or State of Alaska MCL standards, but the elevated mercury concentrations in waters below
tailings at a few mines indicates the need for monitoring of mercury concentrations in waters draining
historic mine operations (Goldfarb et al., 1997).

Certain processing techniques used at historic mine workings may increase environmental
problems if resulting tailings were abandoned in waste piles. At the Hi-Yu mine near Fairbanks, ore was
crushed to fine grain sizes before gold extraction. Hence, the mill tailings that are scattered along adjacent
Moose Creek offer a greater total surface area for water-rock interaction. As a result, acidic waters of a
measured pH of 5.2 can dissolve and transport greater-than-background metal concentrations. The
concentration of sulfide grains prior to gold mining may lead to formation of increased acid mine drainage in
association with a deposit type that normally lacks such problems. This is the case at the Mexican mine

near Juneau, where water below the milled tailings has a pH of 2.9 and is anomalously metal rich.

Summary

The studies of Alaskan mineral deposits presented herein show that various types of mineral deposits
have very different geochemical characteristics (table 2) that influence the chemistry of waters draining the
mineral deposits (fig. 7). These characteristics are directly related to the mineralogy, geochemistry, and
geology of each mineral deposit. For some deposits, downstream water geochemistry may present
environmental problems for the local ecosystems. For example, the most adverse effects were observed
downstream from the massive sulfide deposits in the northwestern Brooks Range and in Prince William
Sound where water samples contain the highest concentrations of metals and lowest pH values of the
deposits studied here. Such acid- and metal-rich waters result from the weathering of pyrite and other base-
metal sulfide minerals in these deposits that form acid and release heavy metals during the process. Water
samples collected near the massive sulfide deposits may contain heavy metal concentrations in excess of
State and Federal water standards (table 2). Although waters emanating from these deposits are high in acid
and metal content, these waters are rapidly diluted downstream, usually within a few km below the deposits

(for example, deposits in the Brooks Range).
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(- ‘able 2. Geochemical data summary of mineral deposits studied.

Element concentrations in water

Deposit type Elements of pH range in
environmental concern exceeding EPA CMC standards! stream water

Massive sulfides (SEDEX) Pb, Zn, Cd, Cu 2,250 ppb Pb, 272,000 ppb Zn, 28-81
800 ppb Cd, 360 ppb Cu

Massive sulfides (VMS) Cu, Pb, Zn, Cd 3,600 ppb Cu, 3,300 ppb Zn, 26-173
220 ppb Pb, 27 ppb Cd

Gold veins As, Pb, Zn, Cd, Sb 6.4-80

Gold placers As, Pb, Zn, Cd, Hg 6.5-8.1

Mercury : Hg, Sb, As 70-84

Nabesna Au-Skamn Cu, As, Pb, Zn, Sb 360 ppb Zn, 615 ppm sulfate 71-78

Kennecott Cu Cu, As 67 ppb Cu 79-82

1CMC is the Environmental Protection Agency's water quality criteria to protect against acute effects in aquatic life and is the
highest instream concentration of a toxic pollutant consisting of a 1-hour average not ‘

 be exceeded more than once every 3 years on the average.
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Most of the other Alaskan deposits studied contain low acid and metal concentrations in water
collected downstream from the deposits. For example, stream waters collected downstream from mercury
deposits in southwestern Alaska have near-neutral pH values and contain low mercury contents, suggesting
that these deposits produce only minor amounts of acid and heavy metals upon weathering. The low
dissolved mercury concentration is due to the presence of cinnabar, which is resistant to physical and
chemical weathering and does not easily form acid water. A greater environmental problem of the mercury
deposits is the elevated mercury concentrations in stream sediment samples and fish that were collected
downstream from the mines and deposits; however, the mercury concentrations in the fish are below the
recommended FDA level for mercury in edible fish, suggesting only minor effects on local food chains.
Alaskan gold veins and gold placer deposits contain pyrite and other sulfide minerals capable of producing
acid water, but the amount of these sulfide minerals is generally small. Thus, weathering of such deposits
does not produce water with significant concentrations of acid or heavy metals.

The case studies presented herein summarize the environmental effects of several types of mineral
deposits. The results emphasize the need for additional, well-designed geochemical studies, which are
necessary for the classification and understanding of any mineral deposit, but which will also address
potential environmental concerns. Environmental géochemical studies are now a common practice in the
mining industry, before, during, and subsequent to the mining of mineral deposits. These studies help
predict unique effects of mineral deposits on the surrounding environments. Environmental geochemistry

can be useful in all phases of mineral exploration, as well as in mine planning, development, and

remediation.
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ABSTRACT

High-sulfidation epithermal-type gold deposits represent attractive targets for global gold exploration
due to their potential to be of giant size (e.g. Pueblo Viejo, Dominican Republic, >600 t Au; Yanacocha,
Peru). The Hope Brook gold mine (1.5 M oz Au) is the best Canadian example of such gold
mineralization. The deposit is hosted by Late Proterozoic rocks of the Northern Appalachians Avalon
Zone. It is located within the Whittle Hill Sandstone intruded by a Late Proterozoic quartz-feldspar
porphyry (QFP) sill-dike complex of the Roti Intrusive Suite. A Late Silurian sub-aerial
volcanosedimentary cover sequence (La Poile Group) unconformably overlies the Late Proterozoic
Avalonian rocks. The unconformity is interpreted to coincide with the Cing Cerf Fault Zone which was
activated in Late Silurian time as a reverse-sinistral fault zone.The fault zone is cut by the Devonian
Chetwynd Granite (390 +3 Ma) and associated contact metamorphism also overprinted the deposit.

The deposit is tabular and enclosed within a zone of hydrothermal alteration more than 3 km long and
up to 400m wide. This zone of alteration is characterized by: (1) extensive advanced argillic alteration
with pyrophyllite, kaolinite, andalusite, sericite, quartz, diaspore, and alunite which is developed mostly
in the structural hanging wall of the ore zone and (2) two stages of massive silicic alteration. A first buff-
color massive silicic stage extends for more than 3km laterally away from the deposit, constitutes a
barren to weakly auriferous unit and likely results from the pervasive acid leaching of the original hosts.
Na20, K20, Ca0 and MgO were strongly leached in the advanced argillic and silicic alteration zones
whereas all the oxides, except silica, are totally depleted in the silicic alteration zones, leaving a residual
core of almost pure silica. The gold mineralization is hosted by rocks displaying a second stage of silicic
alteration characterized by grey to dark grey color and vuggy silica. The mineralization is characterized
by several percent pyrite and lesser amounts of chalcopyrite, bornite and traces of tennantite, either as
disseminations, impregnations or veinlets. Besides Au and Cu, other metals in the deposit are minor but
geochemically anomalous amounts of Sb, Bi, Pb and As are present.

Precise U-Pb zircon dating of altered (pre-ore) QFP and of an unaltered (post-ore) intermediate dikes
cutting altered rocks bracket the age of mineralization/alteration in a relatively short time interval
between 574-578 Ma. This temporally and genetically links mineralization/alteration and Roti Intrusive
Suite plutonism. The deposit was likely formed by a metal-rich magmatic hydrothermal fluid phase
exsolved from the ascending, cooling and degassing subvolcanic sill-dike complex.

Most known high-sulfidation gold deposits are Tertiary in age or younger and Hope Brook, the largest
high-sulfidation gold deposit in Canada, differs from type examples by virtue of its Late Proterozoic age.



Its preservation is likely due to its early tilting and a significant extensional event which has most
probably buried the deposit and saved it from erosion. Its occurrence highlights the potential for such
Au-Cu intrusion-related deposits in older volcanic and magmatic arcs.

The recognition of the two stages of silicic alteration constitutes an important exploration tool in
discriminating between potentially mineralized and barren zones and helps in the definition of
hydrothermal upflow zone(s). This study emphasizes that the primary characteristics and geological
evolution of such high sulfidation gold mineralization in older terranes can only be revealed by cross-
cutting relationships established by detailed field mapping of a well exposed area and accurate U-Pb age

constraints.



pre—

POTENTIAL FOR HIGH SULFIDATION EPITHERMAL GOLD DEPOSITS IN
CANADA: THE EXAMPLE OF THE HOPE BROOK AU-CU DEPOSIT,
NEWFOUNDLAND!?3

B. Dubé, Geological Survey of Canada, Quebec Geoscience Center 2535 Boul. Laurier,
P.O. Box 7500, Ste-Foy, Quebec, Canada, G1V 4C7
and
G. Dunning, Department of Earth Sciences, Memorial University of Newfoundland, St.
John’s, Newfoundland, Canada, A1B 3X5

High-sulfidation epithermal-type gold deposits (e.g. Arribas, 1995; White and
Hedenquist, 1995, Panteleyev, 1996) represent attractive targets for global gold
exploration due to their potential to be of giant size (eg. Pueblo Viejo, Dominican
Republic, >600 t Au; Yanacocha, Peru; El Indio-Tambo, Chile). Most are Tertiary in age
or younger and their current distribution is concentrated along the Pacific Rim of Fire
(e.g. Arribas, 1995). The Hope Brook gold mine (50 t Au) is the best Canadian example
of such gold mineralization. The deposit is hosted by Late Proterozoic rocks of the
Northern Appalachian Avalon Zone (Fig. 1). It is located within the Whittle Hill
Sandstone intruded by a Late Proterozoic quartz-feldspar porphyry (QFP) sill-dike
complex of the Roti Intrusive Suite. A Late Silurian sub-aerial volcano-sedimentary
cover sequence (La Poile Group) unconformably overlies the Late Proterozoic Avalonian
rocks (O’Brien et al., 1991) (Fig. 1). The unconformity is interpreted to coincide with the
Cinq Cerf Fault Zone which was activated in Late Silurian time as a reverse-sinistral fault
zone. The deposit is located within Late Proterozoic rocks in the hanging wall of the Cing
Cerf Fault and has been strongly deformed and metamorphosed. The fault zone is cut by
the Devonian Chetwynd Granite (390 +£3 Ma) and associated contact metamorphism also
overprinted the deposit (McKenzie, 1986; Dubé, 1990; Yule et al., 1990; O’Brien et al.,
1991, Stewart, 1992).

The deposit is tabular and enclosed within a zone of hydrothermal alteration more
than 3 km long and up to 400m wide (Fig. 2). This zone of alteration is characterized by:
(1) extensive advanced argillic alteration with pyrophyllite, kaolinite, andalusite, sericite,
quartz, diaspore, and alunite which is developed mostly in the structural hanging wall of
the ore zone (Kilbourne, 1985; McKenzie, 1986; Yule et al, 1990; Stewart, 1992; Dubé
et al., 1994; 1995) and (2) two stages of massive silicic alteration. The first stage is
represented by a buff-color massive silicic zone which extends for more than 3km
laterally away from the deposit, and which constitutes a barren to weakly auriferous unit
likely resulting from the pervasive acid leaching of the original hosts. Na,O, K20, CaO
and MgO were strongly leached in the advanced argillic and first stage silicic alteration
zones whereas all the oxides, except silica, are totally depleted in the first stage silicic
alteration zones, leaving a residual core of almost pure silica. Although the first silicic
and advanced argillic alteration are important in terms of exploration because they
constitute the regional scale manifestation of the large hydrothermal system, gold
mineralization is only found where the rocks display the second stage of silicic alteration.
The latter is characterized by grey to dark grey color, vuggy silica and several percent
pyrite with lesser amounts of chalcopyrite, bornite and traces of tennantite, either as
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- disseminations, impregnations or veinlets as well as local traces of enargite. Besides Au
and Cu, other metals in the deposit are minor but geochemically anomalous amounts of
Sb, Bi, Pb and As are present.

The primary geological features of such disseminated styles of mineralization in
older terranes are commonly obscured by deformation and metamorphism leading to
conflicting interpretations and controversies as shown over the years at Hope Brook.
Swinden (1984), Kilbourne (1985) and McKenzie (1986) proposed an Ordovician
epithermal model for the deposit and suggested that it was related to felsic volcanism and
/ or high-level magmatism. Dubé (1990) classified Hope Brook as a deformed, pre-Late
Silurian, disseminated stratabound sulfide-gold deposit with similarities to Romberger’s
(1986) disseminated gold sub-type of epithermal deposit. Yule et al. (1990) proposed that
Hope Brook represents a pre-metamorphic and pre-shearing, modified mesothermal
(sub)volcanic hosted gold deposit of probable Cambrian age which also shares analogies
with the acid-sulfate epithermal style. Finally, Stewart (1992) interpreted Hope Brook as
a multistage syn-tectonic shear-hosted acid-sulfate-type gold deposit related to a
protracted hydrothermal history from Late Precambrian to Devonian times. A similar type
of controversy has been discussed about the origin of Temora, Australia, a late Paleozoic
high sulfidation deposit in deformed rocks (e.g. Thompson et al., 1986; Allibone et al.,
1995).

Establishment of clear cross-cutting relationships combined with U-Pb dating
allowed us to determine the age of the mineralization relative to that of other geological
elements. New precise U-Pb zircon ages of altered (pre-ore) QFP, weakly to unaltered
(syn- to late-ore) QFP cutting the second silicic stage and of unaltered (post-ore)
intermediate dike cutting altered rocks bracket the age of mineralization and alteration
within a relatively short time interval between 574 and 578 Ma. Combined with the
nature and distribution of the lithological and alteration units, these ages temporally and
genetically link mineralization and alteration with plutonism of the Roti Intrusive Suite
(Dubé and Dunning, submitted). Hope Brook predates both ductile shearing along the
Cinq Cerf Fault Zone and thermal metamorphism and is an epithermal high sulfidation-
type gold deposit genetically related to a Late Proterozoic subvolcanic sill-dike complex.
The deposit was likely formed by a metal-rich magmatic hydrothermal fluid phase
exsolved from the ascending, cooling and degassing subvolcanic sill-dike complex.

Most known high-sulfidation gold deposits are Tertiary in age or younger and
Hope Brook, the largest high-sulfidation gold deposit in Canada, differs from type
examples by virtue of its Late Proterozoic age. It is also atypical when compared to most
other gold deposits in Canada. Its preservation is likely due to its early tilting and a
significant post-ore extensional event which has most probably buried the deposit and
saved it from erosion. Its occurrence highlights the potential for such Au-Cu intrusion-
related deposits in older volcanic and magmatic arcs particularly those of the North
American Appalachian Avalon Zone. Widespread advanced argillic alteration zones with
associated gold mineralization are present elsewhere in Newfoundland’s Avalon Zone
(O’Brien et al., 1996) and four gold deposits (Brewer, Haile, Ridgeway, Barite Hill; >75
t Au) in the South Carolina Slate Belt within the southern segment of the Avalon Zone
(e.g. Spence et al., 1980; Feiss et al., 1993; Ririe, 1990, Zwaschka and Scheetz, 1995)
share characteristics with Hope Brook.
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High sulfidation epithermal style gold deposits are a single component of larger
intrusion-centered hydrothermal systems (e.g. Sillitoe, 1989, 1991; Robert et al., 1997) .
Consequently, the widespread occurrence of advanced argillic alteration and
mineralization clearly emphasizes that the Appalachian Avalon Zone has a significant
potential for other types of gold and copper-gold mineralization of epithermal and
porphyry styles. These could occur in the vicinity of the already known altered and
mineralized areas or elsewhere along strike within this potential gold-copper belt. (e.g.
Dubé, 1996; O’Brien et al., 1996) (Fig. 3).

The existence of Hope Brook, along with a few Mesozoic (Pueblo Viejo),
Paleozoic (Temora; Australia) and Paleoproterozoic deposits (Enésen, Sweden), suggests
that this deposit type may be an important target for exploration in ancient terranes.
Despite their emplacement at high levels in the crust, the potential for preservation of
such high sulfidation epithermal gold deposits in older terranes is higher than commonly
thought, especially in areas where the tilting of rocks in volcanic/magmatic arcs has
occurred early in their geological evolution. This study emphasizes that, where they are
preserved, the primary characteristics and geological evolution of such high sulfidation
gold deposits in older deformed and metamorphosed terranes can only be revealed by
establishing cross-cutting relationships by detailed field mapping of well exposed areas
and by linking this with accurate U-Pb age constraints. For example, such an approach
could also be used to test the potential presence of high sulfidation Au-Cu deposits in
deformed greenstone belts, especially in the vicinity of tilted Archean Au and Cu-Au
“porphyry systems”, and of the high sulfidation end members of gold-rich volcanogenic
massive sulfide deposits (Sillitoe et al. 1996).

Although the nature and distribution of first silicic stage of alteration are critical

~ Indications of a large scale hydrothermal system, the ore at Hope Brook is only localized

in rocks displaying the second stage of silicic alteration. Consequently, the recognition of
the two stages of silicic alteration was critical in understanding the genesis of the Hope
Brook deposit and constitutes an important exploration tool in discriminating between
potentially mineralized and barren zones and can help in the localization of hydrothermal
upflow zone(s) (see also Hedenquist et al., 1994).

Note: This contribution contains excerpts from a detailed study of Hope Brook under
review (Dubé and Dunning., submitted). A complete lists of references will accompany
this paper.

1 Published with the permission of Royal Oak Mines.

2 Contribution to the Canada-Newfoundland Agreement on Mineral Development

3 This extended abstract has been published in: The Gangue, Geological
Association of Canada-Newsletter, issue No 57.
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Figure captions

Figure 1:Simplified geological map of the Hope Brook area. (USA, United States of
America; NB, New Brunswick; NS, Nova Scotia; PEI, Prince Edward Island; CBI, Cape
Breton Island; NFLD, Newfoundland. CMB, Central Mobile Belt, LPT, Late Proterozoic)
Modified from O’Brien et al. (1991) and Stewart (1992). From Dubé and Dunning.,
(submitted).

Figure 2: Simplified geological map of Hope Brook gold deposit showing the nature and
distribution of the alteration and lithotectonic units. . Note: for simplification, the
younger and unaltered mafic dikes-sills are not shown. Based on detailed field mapping
and surface projection of drill holes. Modified from Stewart (1992) and unpublished BP-
Selco and Royal Oak Mines maps. From Dubé and Dunning., (submitted).

Figure 3: Late Paleozoic reconstruction of the circum-North Atlantic area showing
location of gold mines. Modified from Murphy et al. (1996) and Keppie and Dallmeyer,
1989.
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95-141.
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E -TRANSITIONS FROM PORPHYRY TO EPITHERMAL ENVIRONMENTS
Andre Panteleyev, XDM Geological Consultants Inc.

A. Panteleyev (1998): Transitions from Porphyry to Epithermal Environments; in Metallogeny of Volcanic
Arcs, B.C. Geological Survey, Short Course Notes, Open File 1998-8, Section E.

ABSTRACTS

Transitions from high level magmatic to hydrothermal conditions account for a variety of mineralization
styles. Henley (1990) noted: 'magmatic vapour from crystallizing plutons is critical to (mineralization in)
the epithermal environment much as described for porphyry copper-molybdenum-gold deposits' and '
in volcanic terrains the distinction of epithermal from porphyry-type environments of mineralization
becomes largely one of convenience for exploration than one of reality'. The recognition that epithermal
mineralization occurs in shallow parts of porphryry systems has been known for many years. The high-
sulphidation epithermal deposits are generally considered to be intrusion-related. Low-sulphidation
deposits are less convincingly so and, if intrusions are present, the deposits tend to occur well away
from them.

Lateral and vertical zoning of deposit types and metals centred on intrusive bodies, and their overlying
stratovolcanoes, is amply documented. These relationships, and other related styles of mineralization,
are particularly well documented in Southwestern Pacific and Andean magmatic arcs. The
superimposition, blending and blurring of porphyry and epithermal characteristics can take place in
volcano-plutonic arcs when "telescoping” of hydrothermal systems occurs. This is commonly evident as
an overprinting of earlier mineralization by lower temperature, more oxidized, advanced argillic
alteration assemblages. The telescoping that take place during the late life of the mineralizing
hydrothermal systems is commonly due to rapid erosion of volcanic edifices by tropical weathering or
glacial erosion, swift degradation of hydrothermally damaged volcanic structures, or cataclysmic
decompressional events such as gravitational sector collapse.

Transitional mineralization can be regarded to be a closely related variant of high-sulphidation systems.
The mineralizations are genetically related in as much as the hydrothermal fluids involved are derived
from the same, or similar intrusions. However, there are enough significant differences to warrant a
separate identity for a 'transitional’ deposit type. The high-sulphidation deposits have characteristic
copper sulphide (covellite) and Cu-As-Sb minerals (tennantite-tetrahedrite, enargite-luzonite) and
advanced argillic (acid sulphate) alteration derived from highly oxidized and highly acidic fluids. The
transitional deposits can have similar alteration and mineralization as well but it is generally subordinate
and restricted to late, localized acidic fluid flow. The dominant mineralization is by quartz-sericite-pyrite
derived from less oxidized, neutral-pH to weakly acidic, relatively high temperature and pressure and
highly saline solutions that are more akin to porphyry than epithermal deposits.

The main characteristics of transitional deposits are summarized as follows:



Mineralization is intrusion-related; (subeconomic) porphyry copper-molybdenum deposits can
occur nearby

The intrusions are emplaced as high-level, subvolcanic stocks; coeval volcanic rocks may, or may
not, be present. Quartz-feldspar porphyry domes and flow dome complexes can be mineralized
in their interior parts but, overall, they most commonly host typical epithermal and vein
deposits

Cu-Au-Ag and/or Au-Ag ore is associated with polymetallic mineralization, typically with
abundant As and Sb

Pyrite is the dominant sulphide mineral. Chalcopyrite, tetrahedrite/tennantite are common,
enargite is rare or absent

Structural and lithologic permeabilities are the main ore controls

Sulphide minerals are present in stockworks, veins, breccias and local massive replacement to
disseminated zones. The ore stockworks and vein sets are composed of sulphide-bearing
fractures; they contain only minor quartz

Quartz-sericite-pyrite is the dominant alteration, mainly as a pervasive replacement of the ore
hostrocks. Advanced argillic alteration forms a locally developed overprint with pervasive
kaolinite and veins with quartz-alunite-(jarosite) assemblages. Higher-temperature zones
contain andalusite, pyrophyllite, zunyite, diaspore and rare corundum; tourmaline is abundant
in some deposits. Propylitic alteration is widespread in the hostrocks surrounding the ore zones
Vertical zoning is evident and lateral zoning of ore metals may be developed in deposits. From
shallow to greater depth there is a progression from Au, Ag with increasing Cu, Zn and Pb,
locally Mo, Bi and W and, rarely, Sn

Mineralization is related to 'robust' high temperature and relatively high pressure fluids
emanating from porphyritic intrusions. The ore solutions are highly saline, moderately oxidized
and less-acidic than those in high-sulphidation epithermal deposits

Deposits that will be discussed to exemplify this deposit type are the Kori Kollo mine, Bolivia, and Equity

Silver mine, British Columbia.

Linkages between porphyry and epithermal deposits (and probably even Carlin-type jasperoid Au-Ag

ores) are now recognized, but are poorly documented. In order to fully define an intrusion-related

transitional deposit type, detailed geological deposit studies and careful investigations of alteration, ore

and hostrock geochemistry, fluid inclusions and isotopes need to be conducted.
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New Mineral Deposit Models of the Cordillera

Marte, Chile

NE
3
«
4 -
"a | T <
£ | ¥ “ntennediate Py
E | VUV Afgillic’ 9 V¥ 7
v v K-silicate v v VIV VV VYV VYV VYVVYVYVYVY
4000 -
I [
0 metres 1000 Porphyry Au ore (> 1 g/t)
after Sillitoe, 1994
A A

-
-
-

-
. —————

- -~ ~
- -

-
-

AA  Advanced argilic ateration XK Potassic Is) 1060 m>
A Argiic alleration + Monzonite = !

Ph Phylllc ) ){\ +5g1 Au

Pr Propylitic gt Au

Ladolam deposit, Lihir Island. From Corbett and ILeach (1995) after Moyle et al, (1990), in Geology of the
Mineral Deposits of Australia and Papua New Guinea, Australian Institute of Mining and Metallurgy,
pages 1793-1805.
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KORI KOLLO (Gold Hill) DEPOSIT, La Joya Mining District

42 km NW of Oruro, Bolivia

1700’s exploitation of veins around porphyry stocks for gold and copper
1960’s exploration adit, minor high-grading of breccia ore by local claim owners
1972 Canadian company (Prospection Ltd., and associates) sampled surface

outcrops of porphyry and recognized widespread nature of mineralization;
underground sampling of refractory sulphide ore in adit
1976 (1980?) Empresa Minera Unificada (EMUSA) became involved

1982 Empresa Minera Inti Raymi S.A. founded

1983 estimated oxide reserves 9.4 mt @ 1.7 g/t Au, 25 g/t Ag. (The exploited oxide
reserves were 10.1 mt @ 1.61 g/t and 24.7 g/t Ag [Sillitoe, 19957)

Production Ounces

1985 production starts (heap leaching oxide ore) 5,176 oz

1986-87 26,910

1988-89 Battle Mtn. Gold Corp. (88% interest in 1995) 72,500

1990-91 Reserves 53.1 mt @ 2.32 g/t Au, 14.5 g/t Ag 98,478

1992 Oxide ore ends 53,852

1993 Sulphide ‘refractory’ ore starts @ us$169/oz 211, 037

Cyanide/carbon in leach (CIL) process

Sulphide reserves 59.2 mt @ 2.26 g/t Au (or 64 mt
@ 2.26 g/t Au and 13.8 g/t Ag with 1.15 g/t cut-off
[Sillitoe, 19951}

1994 265,000

1995 339,000

1996 353,000 (estimated)
First 10-year (expected) production gold (79, 067 kg) 2,542,067 oz

from sulphide ore silver (231,498 kg) 7,442,315 0z s

Recent exploration at Llallagua, near Kori Kollo - Nueva Esperanza deposit, by Battle Mountam
(Aug. 14/°95 Northern Miner)

oxide ore - 4.7 mt @ 1.26 g/t Au, 14.6 g/t Ag

additional sulphide mineralization

Key References:

1. Columba C., M. and Cunningham, C.G. (1993): Geologic Model For the Mineral Deposits of
the La Joya District, Oruruo, Bolivia; Economic Geology, Volume 88, pages 701-708.

2. Empresa Minera INTI RAYMI S A, (1994):, 1994 Company Report |
3. Long, K. R., Ludington, S., du Bray, E.A., André-Ramos, O and McKee, E.H. (1992): La Joya

District, in Geology and Mineral Resources of the Altiplano and Cordillera Occidental, Bolivia,
U.S. Geological Survey, Bulletin 1975, pages 131-236. (Same article is published in SEG

Newsletter, Number 10, July 1992).

4. R H. Sillitoe (1995): Exploration and Discovery of Base- and Precious Metal
Deposits in the Circum-Pacific Region During the Last 25 Years; Metal Mining
Agency of Japan, Special Report, 128 pages.
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Geology and Mineralization at Equity Silver Mine

JB. CYR, RB. PEASE
Equity Silver Mines Limited, P.O. Box 1450, Houston, British Columbia, VoJ 120

AND T.G. SCHROETER
British Columbia Ministry of Energy, Mines and Petroleum Resources, Bag 5000, Smithers, British Columbia VOJ
' 2NO, Canada

in Economic Geology Volume 79, 1984, pages 947-968

Abstract

Equity Silver mine occurs in a homoclinal Upper Juzassic to Cretaceous inlier consisting
of sedimentary, pyroclastic, and volcanic rocks plus intrusions overlain and surrounded by
younger, unconformable Tertiary andesitic to basaltic flows and flow breccias. Four stratigraphic
conformable subdivisions, termed the Goosly sequence, are recognized in the inlier and
consist of a basal conglomerate and minor argillite (clastic division); intercalated subaerial
tuffs breccias and minor reworked pyroclastic debris (pyroclastic division); interbedded volcanic
conglomerate, sandstone, and tuff (sedimentary-volcanic division); and bedded andesitic to |
dacitic flows (volcanic flow division). A quartz monzonite stock with an approximate age of |
58 m.y., and a gabbro-monzonite complex with an approximate age of 49 m.y. intrude the
Goosly sequence. Postmineral andesitic and quartz latitic dikes with an approximate age of
49 m.y. crosscut the Goosly sequence and the gabbro-monzonite complex. Copper-silver-
antimony sulfides and sulfosalts with associated gold occur as tabular zones with attitudes
grossly conformable to the Goosly sequence. Sulfides were deposited as disseminations, open-
space fracture fillings, veins, and crackle and breccia zones with an associated advanced
argillic alteration suite including andalusite, corundum. pyrite, quartz, tourmaline, and scor-
zalite; they are believed to have developed at a high elevation in the porphyry system.
Potassium-argon age dating indicates a main pulse of mineralization and hydrothermal alteration
around 58 m.y. and a younger postmineral event at around 49 m.y.

Mining of the Southern Tail orebody commenced in April 1980 with a current mill feed
rate of 5,400 metric tons/day. Production to December 1982 totaled 4.3 million metric tons
of ore grading 135 g/metric ton Ag, 0.45 percent Cu, and 1.3 g/metric ton Au. Antimony
and arsenic are leached from concentrate and recovered as by-products. The Main zone
orebody, with reserves of 21.6 million metric tons grading 109 g/metric ton Ag, 0.35 percent
Cu, and 0.85 g/metric ton Au, commenced production in late 1983. A smaller tonnage with
similar grades is defined in the Waterline zone. Elsewhere, weak copper-molybdenum sulfides
are associated with the quartz monzonite stock, and intense, irregularly distributed brecciation
and tourmalinization with minor chalcopyrite, tetrahedrite, galena, and sphalerite occur in |
the northern part of the property, indicating that a mineralizing hydrothermal system was |
present in the proximity of known sulfide deposits.

Alteration and mineralization are compatible with an advanced argillic alteration, possibly
related to base leaching associated with fluid circulation at a high level in a developing

porphyry system.
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F - PORPHYRY DEPOSITS IN VOLCANIC ARCS WITH EMPHASIS ON THE CANADIAN CORDILLERA
W.J. McMillan, British Columbia Geological Survey

McMillan, W.J. (1998): Porphyry Deposits in Volcanic Arcs with Emphasis on the Canadian Cordillera; in
Metallogeny of Volcanic Arcs, B.C. Geological Survey, Short Course Notes, Open File 1998-8, Section F.

See also, CIM Special Volume 46, Regional Geological and Tectonic Setting of Porphyry Deposits in
British Columbia and Yukon Territory by W.J. McMillan, BC Ministry of Energy, Mines and Petroleum
Resources; J.F.H. Thompson, MDRU, University of British Columbia and C.J.R. Hard and S.T. Johnston,
Canada/Yukon Geoscience Office, Whitehorse, Yukon Territory

ABSTRACT

Porphyry deposits commonly formed at convergent plate margins in volcanic arcs. They are related to
the emplacement intermediate to felsic, hypabyssal, generally porphyritic intrusions. These large
tonnage low grade mineral deposits have metal assemblages that may contain varying proportions of
copper, molybdenum, gold and silver. Arc-related porphyry deposits, as exemplified by those in the
Canadian Cordillera, occur in association with two distinctive calc-alkalic and alkalic intrusive suites.
These deposits show the full range of morphological and depth relationships found in porphyry deposits
worldwide. In addition, alkalic suite deposits, which are rare worldwide, are common; there are unusual,
possibly syntectonic deposits (Gibraltar); and also end-member gold-rich granite-hosted deposits, such
as Ft. Knox in Alaska.

In the Canadian Cordillera, porphyry deposits formed during two separate time periods: Late Triassic to
Middle Jurassic (Early Mesozoic), and Late Cretaceous to Eocene (Mesozoic-Cenozoic). Most Early
Mesozoic deposits occur in volcanic arc terranes, Wrangellia, Stikinia and Quesnellia, but one, Gibraltar
occurs in the oceanic Cache Creek terrane. Like deposits in the southeast Pacific, most of the early
Mesozoic Cordilleran porphyry deposits formed while the host terranes were located outboard from
continental North America. Other deposits, formed during this early period may have been emplaced
during terrane collisions. Metal assemblages in deposits of the calc-alkalic suite, with Cordilleran
examples, include Mo-Cu (Brenda), Cu-Mo (Highland Valley, Gibraltar), and Cu-Mo-Au-Ag (Island Copper,
Schaft Creek) and Cu-Au (Kemess, Kerr). Cordilleran alkalic suite deposits are restricted to the Early
Mesozoic and display distinctive petrology, alteration and mineralization that suggest a similar tectonic
setting for both Quesnellia and Stikinia in Early Jurassic time. These deposits are characterized by a Cu-
Au assemblage (Copper Mountain, Afton-Ajax, Mt. Milligan, Mount Polley, Galore Creek).

Late Mesozoic to Cenozoic deposits in the Canadian Cordillera formed in an continental arc setting, after
the terranes in which they occur had been accreted to the western margin of North America and are
related to small stocks that intrude unrelated country rock. Individual deposits show a spectrum of
metal associations Cu-Mo (Huckleberry, Berg), Cu-Au(-Mo) (Bell, Granisle, Fish Lake, Casino), Mo
(Endako, Boss Mountain, Kitsault, Quartz Hill), Mo-W (Logtung), Au-W (Dublin Gulch) and Au (Ft. Knox).
There may be a continuum between Mo, Mo-W, Au-Mo-W and Au deposits. The distribution and timing
of these post-accretion deposits likely reflect major crustal structures and subduction geometry.



Porphyry mineralization is genetically related to plate tectonic processes and mineralization is episodic.
Many deposits have clear linkages to subduction but the effects of collisional events also appear to have
been important. The latest Triassic alkalic porphyry deposits of Stikinia illustrate this concept. Alkaline
intrusions appear to be coeval with the tectonic hiatus may have resulted from collision of part of the
Yukon-Tanana terrane with Stikinia. This event caused a lull in subduction, cessation of T riassic Stuhini
Group volcanism, and at least local deformation of the Stuhini arc. Volcanism related to subsequent
reactivation of subduction produced the Jurassic Hazelton arc. Other porphyry deposits that may have
formed in response to collisional events include the Minto and Williams Creek deposits in Yukon
Territory. These are controlled by brittle-ductile shear zones that formed during imbrication of the
Yukon-Tanana terrane with oceanic strata of the Slide Mountain terrane along regional thrust faults. The
Gibraltar deposits show similar structural features. Finally, the Mt. Milligan and Rossland area deposits

also may be syn-collisional in timing.



Cordilleran-Roundup/Pathways
Short Course: Arc Related Mineral Deposits

Calc-Alkalic Porphyry Deposits With Emphasis on the Canadian Cordillera
January 1998

OPENING STATEMENT
Porphyry deposits are intimately linked with subduction and consuming margin plate
tectonic processes but occur in both island arc and continental arc settings

TALK PLAN OUTLINE

1. The importance of porphyry deposits

2. The tectonic settings of porphyry deposits

3. Types of porphyry deposits and their classification

4. Examples of various deposit types with emphasis on gold-bearmg porphyry systems
6. Conclusion

INTRODUCTION

I will only discuss calc-alkalic deposit types here and key on copper +/- molybdenum +/-
gold porphyries, molybdenum porphyries and gold porphynes Jim Lang, in the following
presentation, will discuss alkalic varieties.

ECONOMIC IMPORTANCE TO B.C.

Slide: ECONOMIC IMPORTANCE DIAGRAM

During most of the twentieth century, copper has been the most important metal produced
in British Columbia, and since the 1960s, it has come largely from porphyry deposits.
Further, many of the porphyry copper deposits produced significant amounts of
molybdenum, gold and silver. In addition, reserve statistics compiled by Schroeter and
Lane (1991) indicate that more than 80 per cent of British Columbia's copper reserves and
 half the province's gold reserves were in porphyry deposits. About 90% of B.C.’s copper
* production each year is from porphyries; they also produce major amounts of gold and
silver and account for all the molybdenum production. The value of production exceeded
$800 million last year. The province’s mines are generally processing hypogene ore and
grades in the 0.3 to 0.5% copper range are characteristic.
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Key Cordilleran Tectonic Terranes
and
Locations of Selected Porphyry Deposits
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TECTONIC SETTING OF PORPHYRY DEPOSITS IN THE CORDILLERA

Slide: Porphyry deposit locations and tectonic belts

Elements of the Tectonic Evolution of the Canadian Cordillera

Tectonic models describing the formation of the northwestern North American Cordillera
have evolved dramatically from fixist geosynclinal belt models developed in the first part
of the century to more recent models based upon the accretion of numerous disparate
crustal fragments. Monger et al. (1972) argued that although rocks of the eastern
Canadian Cordillera have ties to North America, the western Cordillera consists largely
of island arc and oceanic assemblages that are generally allochthonous with respect to
North America. _

From a metallogenic perspective, we have long suspected that the early Mesozoic island-
arcs of Stikinia and Quesnellia were correlative. Both pre- or syn-accretion calc-alkalic
and the more unusual alkalic porphyry deposits occur in both terranes, and the host
volcanic packages for the deposits are largely pyroxene-bearing basalts of similar age -
the Nicola, Takla and Stuhini Groups (McMillan, 1991). These arcs began to form in Late
Triassic (Carnian) time, and magmatism ended in Early Jurassic (Pleinsbachian-Toarcian)
time in Quesnellia and in Middle Jurassic (Bajocian) time in Stikinia (Nelson, 1991).

- Similarly, new isotopic dating of mineral deposits confirms that deposits in the two
terranes have nearly identical age ranges (Mortensen, 1995). However, Quesnellia and
Stikinia now form parallel belts that are separated by the oceanic Cache Creek terrane,
which contains equatorial fauna. Recent models have attempted to explain this
relationship through either fault offset (Wernicke and Klepaki, 1988) or counter-
clockwise rotation of Stikinia (Mihalynuk et al.. 1994). Geochronology and field
relationships presented by Nixon and others (1993) provide convincing constraints on the
timing of final closure and accretion with North America at between 186 and 180 Ma.
Despite variances in the tectonic interpretations, there is a degree of agreement that no
significant accretion occurred prior to the late Early Jurassic. Hence porphyry deposits
that were formed prior to this time in Quesnellia and other terranes to the west, Stikinia
and Wrangellia, are termed pre- to syn-accretion and are inferred to have been generated
in volcanic arcs that were outboard from ancestral North America. The post-180 Ma in
Stikinia and Quesnellia and post-100 Ma porphyry deposits in Wrangellia formed are
termed post-accretion deposits.

Although uncertainties in terrane accretion models remain, much of the debate now
involves the timing of collisional events for different terranes in the mid-Jurassic to mid-
Cretaceous period. For example, both paleomagnetic (Irving and others, 1980; Irving and
Wynne, pers. Comm., 1994; and others) and fossil data (Tipper, 1984) indicate northward
translation of some terranes in Middle to Late Cretaceous time. However, because

McMillan 2
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FIGURE 4. Three schematic cross-sections through convergent plate mar-
gins (not drawn to scale): (A) Constant tectonic processes and magma flux,

. conditions that may not be suited to the formation of porphyry depaosits;

(B) collision of an arc, continent or oceanic plateau with the active arc, result-
ing in cessation of subduction, siab melting, mantle metasomatism or hybridi-
zation and the formation of unusual (alkaline) magmas suited to the formation
of gold-rich porphyry deposits (based on the model for the Tabar-Feni chain
post-collision with the Ontong-Java platean by Mclnnes and Cameron, 1994);
(C) shallowing of the angle of subduction relative to A, possibly due to an
increased rate of convergence or an approaching mid-ocean ridge in the sub-
ducting plate; active arc magmatism moves away from the trench. the mag-
ma flux in the old arc declines and large magma bodies fractionate, form
volatile phases and associated mineralization (based on the mode for cen-
tral Chile by Skewes and Stern, 1994).
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porphyry deposits formed mainly before or after this period, the division into pre- and
post-accretion deposits is not affected by resolution of these debates. The general
conclusion is that Mesozoic Cordilleran porphyry deposits formed in response to island
arc processes that took place before their volcano-sedimentary host terranes accreted with
North America, whereas the Late Cretaceous and Tertiary porphyry deposits formed after
accretion.

INITIAL SR ISOTOPE DATA

Slides: Initial Sr ratio plots

Initial strontium ratios from Early Jurassic and Early Tertiary granitic rocks in the
Canadian Cordillera were plotted (Armstrong, 1988). Many porphyry-related plutons lie
close to the line that marks intrusions with initial *’Sr/**Sr values below 0.704, that is, I-
type granites derived from the mantle or subducted oceanic crust. Thus porphyry
deposits are virtually confined to areas where intrusions have primitive strontium ratios
and are hosted by granitic rocks that show no signs of crustal contamination.

| Subduction Processes Favoring Porphyry System Development

Slide: Thompson - Subduction rate and angle

The diagram shows three hypothetical sections through a converging plate margin:
e A. constant tectonic processes and magma flux - no porphyries likely

e B. collision of an arc, continent or plateau with an active arc leads to cessation of
subduction. This causes slab melting and mantle metasomatism. Conditions are right
for alkaline magmas formation, volatile evolution and gold-rich porphyry
mineralization (i.e. Tabar-Feni Chain after collision with the Ontong-Java plateau)

e C. shallowing of the subduction zone (relative to that in A) caused by increased rate
of convergence, or approach of a mid-ocean ridge in the subducting plate. Leads to
migration of the active arc magmatic front away from the trench, decline in the rate of
magma flux in the old arc and fractionation in large bodies of magma that lead to
volatile evolution and porphyry mineralization (i.e. central Chile)

Message: mineralization reflects specific conditions within the magmatic cycle and

specific conditions within the process of subduction.

McMillan 3 FLa€




<
S
(]
§
&

¢

Increasing SiO2
in magma
L]

Increasi mogndm

g

;

Decreasing depth |
&fempl?;amem I{
i

Mo(%) x 10 Craton Au (ppm)

FIGURE 3. Plot of relative abundances of copper (in per cent), molybde- !
num (per cent X 10) and gold (in grams per tonne) for various porphyry ‘
deposits from around the world [after Cox and Singer (1988) and Sillitoe
(1993)]. : '

O Pre-accretion |
A Post-occretion
Volley

Mo(%)x10

FIGURE 4. Plot of relative abundances of copper (in per cent), molybde-

num (per cent X 10) and gold (in grams per tonne) for selected Cordilleran
pomhyrydeposits.Preswsyn-andpost-aweﬁondepositsamdistmguished :
by open circles and filled triangles respectively. Data are plotted based on i
reported reserves, thus some non-economic quantities of copper, molybde-

num or gold may have been omitted. Some data points would shift slightly

if data were complete.

3a

iy,




TYPES OF PORPHYRY DEPOSITS:

CLASSIFICATION BY METAL SIGNATURES

(Cu only; Cu-Mo; Cu-Au; Cu-Au-Mo; Mo-W; Au only)

Slide: CU-MO-AU TRIANGLE DIAGRAM - WORLD

The spectrum of porphyry deposit types ranges from copper only, through copper-
molybdenum, to copper-gold-molybdenum, to gold or molybdenum only. Generally, gold
and molybdenum are negatively correlated, but Cox and Singer (1988) and Sillitoe (1991)
documented transitional deposits. Cordilleran examples are Pebble, Island Copper and
Poison Mountain.

Slide: CU-MO-AU TRIANGLE DIAGRAM - CORDILLERA

Classification of porphyry deposits in the Cordillera can be based on metal budgets using
the same subdivisions as for world-wide deposits. Deposits enriched in both commodities
occur in the Cordillera. In the new porphyry volume, CIM Special Volume 46, we
divided deposits into copper, copper-molybdenum (with a cutoff at 0.1% Mo), copper-
gold-molybdenum, copper-gold (with cutoff at 0.15g/T Au), gold, molybdenum-tungsten
~ and molybdenum subclasses. :

Precise tectonic reconstruction for deposits that were emplaced in the early Mesozoic
time in the Cordillera is difficult, and in many cases the composition of the crust or
basement is still uncertain. As mentioned previously, rather than show arbitrary
affiliations, deposits are divided into pre- and post-accretion groups.

e Pre-accretion deposits were emplaced into terranes that were separated from
continental North America. At the time the porphyry deposits were forming, these
terranes were probably involved in subduction-related tectonic processes in discrete
island arcs, although there is evidence that at least some of these arcs had basements
of older continental material.

e Post-accretion deposits were emplaced during Cretaceous and Tertiary time, after
the allochthonous terranes had been added to the western margin of North America.
Post-accretion deposits are hosted by several of the older terranes, and therefore, the

- composition of the basement varies considerably.

The metal budgets of porphyry copper deposits, enrichment of Mo versus Au, and

copper:gold ratios do not correlate directly with terrane or timing of emplacement (pre-

versus post-accretion). There are, however, several generalizations that can be made:

e Porphyry copper-gold deposits of the alkaline suite (Barr et al., 1976) were emplaced
in two different terranes prior to accretion.

e Porphyry molybdenum deposits are restricted to the post-accretion setting.

McMillan 4
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¢ Porphyry gold deposits related to granites (Fort Knox and Dublin Gulch) also appear
- to be restricted to post-accretion time, although other porphyry gold deposits related
to more conventional porphyry environments (e.g., Sulphurets Gold) predate
accretion.

The breakdown of deposits into pre- and post-accretion ages is used as the major division
in the remainder of this presentation. Cordilleran deposits are further subdivided on the
basis of petrology, into the CALCALKALINE and distinctive ALKALINE suites, and by
principal commodities. Calcalkaline types are here reviewed in terms of their distribution,
settings and general characteristics.

General Porphyry Models

Deposits emplaced into various geological settings were classified by Sutherland Brown
(1976) and McMillan and Panteleyev (1981) as plutonic, volcanic and “classic” types.
That is, those formed within plutons; in the root zones of volcanoes; and both in and
adjacent to shallow stocks. Within a general porphyry model, deposits from specific
depths and settings within the overall system are distinctive.

Slides: GENERAL MODEL(S) - PLUTONIC VOLCANIC CLASSIC

Plutonic

Plutonic deposit types formed at relatively deep levels and are hosted by plutonic rocks.
Dikes and breccia bodies may be abundant. Alteration patterns are similar to those
described for deposits in the southwest United States. They tend to be copper-
molybdenum deposits with low gold values. Gold values tend to be low, commonly less
than 0.1g/tonne. Examples are the Highland Valley, Brenda and Gibraltar.

Volcanic

Volcanic deposit types formed in the root zones of ancient volcanoes of both calc-alkalic
and alkalic character in association with subvolcanic stocks, plugs, sills and dike swarms.
The rocks, which host most of the ore, are largely volcanic rocks, breccias and dikes.

Early developed biotite, which McMillan and Panteleyev (1988) argue may be

hornfelsing, is typical, and propylitic alteration extends well out into the country rock
from the deposits.

McMillan
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Calc-alkalic Cordilleran examples are Island Copper and Schaft Creek. Alkalic examples
are Galore Creek, Afton, Copper Mountain-Ingerbelle, and Mount Milligan. It is
important to note that calc-alkalic phases often occur within the suites of intrusive rocks
that contain both alkalic members and alkalic porphyry deposits (Hollister, personal
communication, 1991).

Classic

The classic deposit types are related to multiple subvolcanic plutons.

Host-rocks may be volcanic or sedimentary; dikes and breccias are common. Early
developed biotite is characteristic and the chance of biotite colour from green in the
aureole to brown in the ore zone may provide a “vector” for exploration (Carson and
Jambor, 1974). These deposits are close analogues of Tertiary porphyries in the
southwest United States. Examples are Granisle, Morrison, Bell and Berg. Late
Cretaceous to Tertiary deposits are mainly of the classic type. At Granisle, for example,
Fahrni et al (1976) associate the porphyry copper deposit with multiple porphyry
intrusions of Eocene age that cut Jurassic volcanic and sedimentary country rocks.

Copper mineralization is centered on the contact between biotite-feldspar porphyry and
an earlier quartz diorite porphyry. The main zone consists of chalcopyrite and bornite in
quartz-filled fractures and is enclosed in a pyritic halo. Alteration zoning is well
developed, from a potassic core, with secondary biotite, through a flanking phyllic zone,
characterized by quartz-sericite-carbonate-pyrite assemblages, to a propylitic fringe with
chlorite, carbonate and epidote alteration.

Gold-enhanced porphyry deposits fall within the volcanic and classic deposit types,
whereas the gold-poor deposits fall in the plutonic deposit type. Gold values in the
volcanic and classic deposits can be significant, in the 0.3 to 0.7 gram per tonne range.

Alteration in Calcalkaline Porphyry Deposits

Calcalkaline porphyry copper deposits have alteration patterns like those described from
the southwestern United States; central potassic alteration zones, defined by secondary
biotite or metasomatic potassium feldspars, pass outward through successive envelopes of
phyllic alteration, defined by the presence of sericite, pyrite and quartz, then propylitic
alteration, defined by epidote, chlorite and albite, into unaltered rock. Molybdenum and
gold porphyries have similar assemblages but the patterns and relatives of alteration types
varies. These variations are discussed further later in this report.

McMillan ' 6.
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Slide: Williams and Forrester, Sulphur, depth and maturity

Some of the causes of variability in alteration patterns in copper porphyries are discussed
by Williams and Forrester (1995) for deposits in the southwest United States.

They relate them to:
e compositional maturity-

¢ Tonalite (immature) through Granodiorite to Quartz monzonite (mature)
e sulphur content -

e generally increases with maturity and higher crustal level - reaches 8% in

some magmas '

*High sulphur promotes broad alteration halos and retards thermal alteration - sulphur
seems to break up silicate structures of mafic minerals, capture iron and cause release of
potassium, water, silica and aluminum. Sericite formation results.

e A: MATURE HIGH SULPHUR, SHALLOW end member

e broad alteration (dominantly phyllic), narrow thermal alteration
e D:IMMATURE, LOW SULPHUR DEEP

e broad thermal halo, narrow alteration zones

These authors also plotted maturity against sulphur:

e low sulphur contents links with only minor sericite development high sulphur leads
to a systems with chalcopyrite but no bornite

o they argue that an ideal porphyry system has a vertical range of about 8000 feet

Slide: Thompson - Magmatic-hydrothermal complex

Advances in understanding:

Alteration:

¢ widespread overprinting of early K-silicate alteration by SCC - sericite-chlorite-clay
(relatively late, low temperature) i.e. Philippines, Galore Creek

e high level advanced argillic alteration over porphyries i.e. Island Copper; in deposits
with telescoping, this alteration may be superimposed on deeper types (SLIDE -
Sillitoe, 1994) sodic-calcic alteration is important in some deposits i.e. Yarrington -
ingress of formation waters?. Also seen with Cordilleran alkalic deposits and Island
Copper has sodic amphiboles alteration in the core of the deposit.

McMillan / 7
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e the distribution of gold relative to other sulphides, oxides and alteration minerals has
been studied. In many deposits, gold and copper grades correlate and elevated gold is
- associated whit bornite, magnetite and potassic alteration (there are exceptions i.e.
- Copper Mountain). In some deposits, elevated gold may have been remobilized or
introduced at late stages. ,

e metals are derived from the magma and transport in brines or even the vapor phase.
Magmatic fluid inclusions have been shown to carry not only copper minerals but
also have elevated contents of zinc, lead, manganese and iron (Bodnar, 1995).

e depth of emplacement from about 10 km (Butte) to 5 km (Sierrita, Morenci, Santa
Rita) to 1.5 to 3 km below the summits of associated strata volcanoes (Red
Mountain). The depth range influences (Bodnar, 1995) the kinds of fluid inclusions
formed |

e Bodnar (1995) argues that metals are transported by the magmatic fluids and
deposited in the magmatic/meteoric transition zone.

e magmatic fluids are critical but stable isotopes indicate that many other fluids may
become involved, meteoric water, evolved groundwater, formation water, or even sea
water, and may cause distinctive alteration zones. The other fluids do not seem to
have been major sources of metals (Thompson, 1995)

Hypogene Mineralization and Metal Patterns in Copper Porphyries

Typical calcalkaline hypogene sulphides are pyrite, bornite, chalcopyrite and
molybdenite; hypogene chalcocite occurs locally. Gold may or may not be an important
component of the system. Hypogene ore minerals generally occur on fractures, in veins
and as disseminations. Quartz is an abundant gangue mineral but chlorite and sericite are

also common.

In these deposits, a weakly mineralized or barren, often silicified core zone is rimmed by
first a zone with bornite as the dominant sulphide (with molybdenite), then a zone in
which chalcopyrite dominates (with molybdenite).

PRE-ACCRETIONARY DEPOSITS
Deposited in Mesozoic island arc settings in what are now Quesnellia, Stikinia and
Wrangellia, all are plutonic or volcanic deposit types and all are Cu +/- Mo +/- gold

deposits. '

Calc-Alkalic: Plutonic
Examples: Highland Valley deposits, Gibraltar, Brenda

~ McMillan | 8 F-33
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Highland Valley Porphyry District

Setting - within the Guichon Creek batholith
the batholith is 210 Ma and mineralization followed soon after emplacement
the batholith is multiphase and zoned from edge to core: mafic quartz diorite at the

“border to leucocratic porphyritic granodiorite in the core

dimensions are about 80 by 60 kilometres

mineralization apparently occurred in two main episodes. The first is related to an
intermediate phase of the batholith (Bethlehem phase biotite-hornblende
granodiorite), and the second to the youngest major phase of the batholith (Bethsaida
phase biotite granodiorite)

there is presently two producing deposits, Valley and Lornex, and several past
producers (Highmont, Bethlehem) as well as one large subeconomic deposit (JA) and
several Bethlehem-type deposits (for example Krain (now Getty North) which is
being actively explored, especially for its oxide ore potential)

Example: Valley mine

General Characteristics:
Mineralization:

the deposit has produced ** and has remaining reserves of **

the ore is hosted entirely by Bethsaida granodiorite

mineralization consists mainly of bornite and chalcopyrite; molybdenite is locally
recoverable

almost all the mineralization is in fractures and veins or disseminated in altered zones;
grades are best where several mineralized fracture sets overlap

Alteration:

There is a quart-flooded and quartz vein-rich core zone in the deposit
The flanking potassic zone is well-defined by potassic feldspar in and adjacent to
quartz veins and gives way to

" a strongly developed replacement and vein quartz-sericitic (phyllic) alteration

(Osatenko and Jones, 1976).

There is a weakly developed peripheral propylitic zone.

Alteration is regionally developed in these large hydrothermal systems and can be
used to vector in toward mineralization (Casselman et al., 1995)

Metal Zoning

Metal zoning at Valley copper is from bornite through chalcopyrite to a weak pyrite
halo in the relatively leucocratic granodiorite to quartz monzonite host rock.
Molybdenite is most abundant away from the bornite zone.

McMillan
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ORTHOMAGMATIC SOURCE OF METALS

Slide: Thompson - magma chamber processes: considered in light of data from the
Guichon batholith; note timing of mineralization and copper depletion in the core

Metals in porphyry deposits are interpreted to have been derived from the magma after
crystallization caused the melt to become saturated in fluids and allowed a volatile phase

to separate.
Thompson discussed processes that are involved:

Controlling factors: bulk composition, oxygen fugacity; H,O, S, Cl and CO, contents of
the magma; depth of emplacement (pressure). These control the timing and nature of
volatile saturation relative to the degree of fractionation and the potential removal of
more compatible metals by crystallizing phases. NOTE: selective assimilation of H,0
from the country rock could significantly alter the timing of volatile saturation.

Schematic illustration of processes in a magma chamber that might concentrate metals.
Timing and extent of crystallization relative to timing of volatile saturation are critical in
determining the availability of metals and elements like sulphur and chlorine. If
conditions are right, these escape via plumes or bubbles to the cracking front at the
margin of the intrusion.

If magmatic sulphides form early, then copper and gold partition preferentially into the
sulphides. If these are removed, then the magma becomes depleted in metals.

If magmatic sulphides form late, then sulphides may be resorbed during volatile
saturation, returning metals to the magma and the volatile phase.

Slide: copper geochemistry from the Guichon Creek batholith

Lithogeochemical analyses of samples collected from the Guichon Creek batholith define
a pronounced zone of copper depletion in the southern part of the youngest major phase
of the batholith. We interpret this to mean that the copper was partitioned out of the host
rock and moved northward where it deposited in structural traps to form the mineral

deposits.
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Example: Pre-accretionary plutonic type - Gibraltar Cu-Mo deposit

Mineralization:

is syntectonic, so in a senses it is a “shear zone copper deposit”

.is related to a zoned tonalite to trondhjemite batholith that intrudes oceanic Cache

Creek country rocks

the batholith is 217 Ma and is penetratively foliated

overlaps and follows the emplacement of the trondhjemite, which is Late Triassic to
Jurassic in age ,

the deposit comprises 6 orebodies that plunge southward. There were 241 million
tonnes milled to the end of 1992 and mining reserves remaining were 147 million
tonnes at 0.301% Cu as well as a much larger mineral resource

major sulphide minerals are pyrite and chalcopyrite; molybdenite is economically
important

metal zoning occurs between the deposits from the east, where chalcopyrite +
molybdenite predominate, through chalcopyrite, then chalcopyrite + sphalerite to
sphalerite-dominated mineralization in the west. This may represent shallower zones
being exposed to the west due to tilting and erosion.

Alteration: :

is propylitic and phyllic. Quartz and chalcopyrite in chlorite folia are typical.
Alteration minerals are quartz, sericite, chlorite, epidote and carbonate.

Recovery of Metals from Waste Dumps

®

waste dumps are acid-leached and copper recovered in a SXEW plant

Conclusion:

Mineralization is apparently syntectonic and may have developed during subduction of
Cache Creek rocks under Quesnellia.

McMillan 11
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Pre-accretionary Volcanic Type Deposits

Example: Island Copper

Slides: geology and alteration

General Features:

The host terrane is Wrangellia and the deposit is dated at 167 Ma.
Intruded into a high level in the crust: Cu-Mo-Au mineralization is related to dikes
and a dike-like multiphase rhyodacite stock 4
the country rocks are Jurassic volcanics of the Bonanza Group - andesites, basalts and
volcaniclastics
marginal breccias developed at the plunging west end of the stock
advanced argillic alteration (acid sulphate) with dumortierite-pyrophyllite breccia is
developed high on the pit wall, in the shallower part of the system
Alteration and mineralization are multiphased
Main ore stage assemblages are:
» central barren with quartz-magnetite-albite-amphibole assemblage
» intermediate mineralized with biotite-magnetite-chalcopyrite-pyrite-
molybdenite
 fringing mineralized chlorite-pyrite +/- chalcopyrite
e outer barren epidote
These are overprinted by phase II:
e quartz-sericite alteration _
 sericite-clay-chlorite (SCC) alteration with some sulphides
» breccias
Phase III produced pyrophyllite breccia with pyrite but no copper. Also present are
“dumortierite, kaolinite and sericite.

NOTE: gold values are higher in the zone just north of the breccias.

Synopsis:
emplacement of the rhyodacite dike produced biotite alteration in the volcanic

country rock (early developed biotite - EDB)

the deposit is calc-alkalic but average gold mill head grades were 0.22 g/T and large
areas exceeded 0.4 g/T

as is characteristic in many gold porphyries, gold and copper are positively correlated,
magnetite is abundant and gold is predominantly in the potassic alteration zone
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POST-ACCRETIONARY DEPOSITS

Emplaced into older country rock in continental arc settings. Most are classic but deposits
range from Cu-Mo to Cu-Au +/- Mo to Mo +/- W to W +/- Mo to Au only types. Some
are related to calc-alkalic intrusions along transverse structural zones like the Stikine and
Skeena arches, or are in Tertiary extensional settings; examples are Bell and Granisle in
Central British Columbia.

Examples of post-accretionary deposits follow.

Molybdenum Deposits

Examples: Endako 142Ma; Boss Mountain 102Ma; Hudson Bay Mountain 65Ma,
Kitsault (52 Ma), Adanac (71 Ma), and Mt. Tolman (57 Ma) in Washington State

Classification

Different classification schemes for porphyry molybdenum deposits have been proposed
by various authors. The most widely accepted is based on the petrology of the related
intrusions, granite porphyry or alkali rhyolite versus quartz monzonite (White et al.,
1981). The former are commonly referred to as Climax-type deposits after the Climax
mine, the latter Quartz Monzonite type. Characteristic of the Climax versus Quartz
monzonite type are given in the table. Carten et al. (in press*) modified this classification
scheme to define three groups of deposits: a high-silica rhyolite-alkaline suite, a
differentiated monzogranite suite, and a granite-related Mo-Cu suite with M0>0.05%. All
the known porphyry molybdenum deposits in the Canadian Cordillera fall in the
differentiated monzogranite suite.

* was not able to find a reference to a published source

Examples of Cretaceous Post-Accretionary Deposits: Endako, Fish Lake, Casino, Taurus?,
Pebble

At Endako:

Slides: Location, geology, section

e mining began in 1965; since then 188 million tonnes averaging 0.15% MoS, have
been milled and remaining reserves exceed 100 million tonnes at 0.136% MoS,,.

New Ar/Ar and U/Pb age dates by the Nechako NATMAP GSC crew has broken
the Francois Lake intrusions into 4 suites:

e Boer diorites and gabbros at 219Ma;

o Stag Lake homblende +/- biotite diorite to granodiorite at 163 to 170Ma;

McMillan 13
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Francois Lake granites and quartz monzonites at 145 to 147 and 154 to 156Ma; and
Fraser Lake suite at 112Ma (K-Ar).

Mineralization:

is entirely within the Endako Quartz Monzonite, a middle stage Francois Lake
intrusion ‘

pre-ore K-feldspar porphyritic granite dikes have been dated at 147 Ma and the late
stage Casey Alaskite, to the northeast, has been dated at 145 Ma. There are also
younger Granite intrusions on the north and south

the younger intrusions are dike-like, implying WNW and NW structural control

in the mine area there are also post-ore Tertiary? mafic dikes that are associated with
faulting. ’

Hydrothermal alteration comprises three phases:

K-feldspar forms envelopes on quartz-MoS, veins in the orebody and barren quartz
veins to the north , . ‘
sericite forms envelopes on quartz-magnetite veins in the orebody and quartz-pyrite
veins in the pyrite zone

kaolinite (argillic) alteration is the dominant alteration in the orebody, K-feldspar
(potassic) in the footwall and sericite-pyrite-quartz (phyllic) in the hanging wall

Metal zoning is defined by:

pyrite (0.5 to 1.5%) with minor magnetite and molybdenite which forms a zone along
the south side or hanging wall of the deposit. It also occurs within the ore zone.
molybdenite which occurs in quartz veins that are often ribboned. It is accompanied
by magnetite, minor chalcopyrite and rare bornite, bismuthinite, scheelite and
specularite. Locally there are galena inclusions in the molybdenite.

In the ore zone:

ore veins occur as simple, parallel or en echelon veins, or complex, branching
meshworks of veins, systems. |

the ore zone is elongated WNW, 3360m long, 370m wide and maximum 370m deep -
and comprised of four zones. Mineralization occurs in intersecting sets of veins

the vein systems define ore zones that are relatively shallow dipping. Preliminary new
paleomagnetic data (NATMAP) suggests that rotation occurred during Tertiary
extension and accords with field relationships.

TUNGSTEN-Molybdenum

EXAMPLES: Logtung, Yukon (118 Ma) - reference CIM Special Volume 46.

Not illustrated
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CU-MO-AU

Examples: Fish Lake (77 Ma), Casino in Yukon (70 Ma), and Pebble (91 to 95 Ma) and
Taurus (Tertiary) in Alaska; Huckleberry (82 Ma) and the Babine Camp in B.C. (50 Ma
most important)

Prosperity (Fish Lake) - Taseko Mines Ltd.

General
e reserves are now estimated at 675 million tonnes 0.236% copper, 0.435 g/T gold

Slides: geology and alteration

Features:
e Potassium argon dating indicates an age of 77MA
¢ mineralization is related to the Fish Lake complex, a steep, lenticular body of quartz
diorite surrounded by an east-west elongated quartz feldspar porphyry dike complex;
some of the dikes are mineralized
o  the country rock consists of
e Late Cretaceous, flows.and tuffs
e coeval?, subvolcanic diorite porphyry
¢ most of the mineralization is in volcanic flows and volcaniclastics adjacent to the Fish
lake complex
Alteration:
e mineralization is associated with a biotite core zone partly overprinted by chlorite
alteration
o the central quartz diorite has widely developed K-feldspar in microfractures and

quartz veinlets

e texture-destructive phyllic alteration overprints the northern and eastern borders of the
deposit

Synopsis:

The best mineralization in the deposit is related to pervasive potassic alteration in and
adjacent to the quartz diorite, and extends into flanking propy-argillic or intermediate
argillic (Sillitoe, 1991) alteration that consists of sericite, quartz, carbonate and clays
(Wolfhard, 1976). The propy-argillic zone partly laps onto the earlier potassic zone and
is flanked by a propylitic zone. Earliest veins carry quartz, magnetite, hematite, sulphides
and chlorite; during main stage mineralization, sulphides were deposited along with
quartz, biotite, chlorite and sericite. Later veins are quartz, quartz with sulphides,
carbonate, hematite and gypsum with chlorite or pyrite.

Conclusion:

o this may be a volcanic-type deposit

McMillan 15
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Yukon Example

Casino Deposit

The following is largely based on work by Colin Godwin

Setting:

e It isa porphyry copper-molybdenum deposit

e Country rock is the Yukon metamorphic complex

e These were intruded by mid-Cretaceous granitic rocks of the Klotassin batholith,
which has a K-Ar age of 99.3 Ma

e This is in turn cut by the Casino complex, dated at 70 MA. This complex cuts the
Klotassin but is cogenetic with the casino deposit

¢ Subvolcanic feldspar porphyry plug emplaced was followed by an explosive event
that produced a conical breccia pipe (700 x 400 metres at surface)

Alteration:

e Potassic core: magnetite, biotite and K-feldspar

e Phyllic rim: quartz, sericite, sulphides (extends 300 metres into rocks of the batholith

e Outer weak argillic and propylitic zones are developed

Metals: ;
¢ Chalcopyrite and molybdenite are mainly in the phyllic zone as disseminations and

veins
o There is an outer pyrite halo

Supergene:
e Area is unglaciated so supergene is preserved
e Leached CAP averages 75 metres; supergene blanket averages 25 metres of oxide and

70 metres of sulphide mineralization |
e grades are increased in the subhorizontal chalcocite - enriched zone by about 1.65

times the protore grades

Conclusion:
This is either a classic or a plutonic-type deposit; I favor classic because of the time gap.

McMillan 16
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Alaskan Examples

Taurus

- The property is in Alaska, 10 miles west of the Yukon border. Area not glaciated -

Yukon-Tanana Upland.

Looking west across the east Taurus airstrip, the “bald” area at the back is the west

‘Taurus area. Thanks, Peter Leriche and Tom Peevers.

Metamorphic rocks - Precambrian to early Paleozoic
Gneiss, Schist and quartzite intruded by granodiorite to quartz monzonite
Cretaceous to Tertiary volcanic activity at the same time: tuffs and lavas
Cretaceous granodiorite; disseminated pyrite and magnetite
Tertiary; main hosts to mineralization
e quartz monzonite mainly at east and west Taurus zones. porphyritic, biotite,
hornblende, plagioclase
e quartz lattice - peripheral to and grades into the quartz monzonite porphyry -
often as monomictic breccia
e feldspar-quartz porphyry (orange) - plagioclase has argillic alteration, matrix
silicified
» intrusive breccia (blue) - QFP fragments in dacitic groundmass
“classic” or Arizona-type; similar to casino and pebble according to Peter Leriche.
*?%supergene??

Pebble

General Information

calc-alkalic porphyry copper-gold system

north of Bristol Bay, area not glaciated, low rolling topography and less that 1%
outcrop

general geology: late Cretaceous granodiorite porphyries cut and hornfelsed Jura-
Cretaceous graywackes

post-mineral Tertiary volcanics lie to the east

biotite diorite with magnetite veinlets (intense alteration?)

early biotite alteration of graywackes dominates; is cut by K-feldspar alteration

other alteration minerals: albite, iron carbonates, sericite, anhydrite, apatite and rutile

[ ]

e copper is associated with the biotite alteration

e gold and copper are closely correlated

McMillan 17




Timing:
K-AR dates: (Cretaceous)
fresh primary K-feldspar - 9SMA
biotite in biotite pyroxenite - 96MA
secondary K-feldspar - 91 MA Cenomanian

Multiple intrusions:

diorite
then quartz monzonite
then biotite pyroxenite
mineralization and intrusive breccias
then porphyritic granodiorite

Drill indicated reserves: February 1992:
50 million short tons at 0.35% copper and 0.012 ounces/ton gold; a higher grade core
zone runs 0. 5% copper and 0.015 ounces per ton gold (0.44 grams/tonne)

Note: there are two higher grade “bullseyes” at the margin of the equigranular
granodiorite - copper exceeds 1% and there is 0.025 ounces per ton gold.

Exploration tools:

e soil geochemistry - copper and gold anomaly more than five square kilometres in size
e on the “shoulder” of an IP chargeabiltiy high :

e thereisacoil colour anomaly

Examples of Tertiary Post-Accretionary Deposits

~ note: Cascades examples - 6.2 to 24.0 MA

Example:

Berg Copper-Molybdenum Porphyry
Features:
e reserves 400 million tonnes 0.4% copper, 0.05% molybdenite
e amiddle Eocene composite, 4-phase porphyritic quartz monzonite to granodiorite
stock cores the deposit
e the stock cuts Middle Jurassic Hazelton volcanics and an older quartz diorite stock
e Mineralization forms an annular zone within and around the composite stock

Alteration:
e Country rock Hornfelsed (EDB) - zone wide relative to size of stock

McMillan 18
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. ® quartz-sericite envelopes are developed on quartz sulphide veins with less common
quartz-chlorite and rare K-feldspar

e stock has biotite, kaolinite alteration, then quartz-sericite-pyrite, then propylitic
alteration

Sulphides:
Three separate but overlapping concentric, cylindrical shells:
e Inner molybdenite - narrow, 100-135 M from contact
¢ Inner copper - chalcopyrite - wider - to more than 260 M
e pyrite halo up to 700 m out from the stock '
e Peripheral lead-zinc-copper-silver veins

Supergene: leached cap - supergene zone gnriched 1.25 times over hypogene grades
Other examples: Morrison - Huckleberry, etc.

Interpretation:

¢ classic-type probably, calc-alkalic copper-gold-molybdenum type; possible peripheral

precious metal deposits (8 kilometres), has multiple intrusions, EDB and breccias;
possibly subduction-related

Post-Accretionary Gold Porphyry Deposits
Sillitoe (1979) predicted the existence of porphyry deposits where gold could be the
principal or sole economic commodity. Several discoveries have been made since then
that can be classified as porphyry gold deposits. The Marte and Lobo gold deposits in
Chile (Villa et al., 1991), which show many features typical of porphyry deposits
associated with calcalkaline diorite intrusions, contain only minor amounts of copper and
molybdenum. In the Cordillera, discoveries at Fort Knox (Bakke, 1995) and Dublin
Gulch (Hitchins and Orssich, 1995) are apparently porphyry gold deposits with
characteristics similar to some porphyry molybdenum deposits.

EXAMPLES: Fort Knox, Dublin Gulch

Slides: (3) Bakke Ft. Knox gold

Slide (location): The deposit is located north of Fairbanks in Alaska within a Late
Cretaceous (90-93 Ma) granite body that cuts the Fairbanks schists, which are part of the
Yukon-Tanana terrane. The intrusion is in an east-west panel of Yukon Tanana rocks that
is bounded by the Tintina and Denali fault zones.
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Figure 1. A: Nontelescoped porphy
Quinlan, 1981),

F—5y

ry Cu-Mo system at Red Mountain, Arizona (after
showing 600 m separation between K-silicate core and advanced
argillic-sericitic zone of high-suifidation type. Undocumented thickness of advanced
argillic alteration and surficial, supra-water table acid-leached zone have been lost
to erosion. B: Telescoped porphyry Au system at Marte, Chile {after Vila et al., 1991),
showing advanced argillic zone of high-suifidation
quartz veinlet stockwork (of K-silicate

stock. Acid-leached rock generated abov

metres asl!

metres as|

metres

type juxtaposed with Au-bearing
parentage) developed in diorite porphyry
e paleo-water table is nearby. C: Extremely
telescoped porphyry Cu-Mo-Au system at Ladolam, Lihir Island, Papua New Guinea
(after Moyle et al., 1990), showing overprinting of K-silicate-altered, monzonitic in-
trusion and tabular zone of low-sulfidation epithermal Au mineralization. Acid leach-
ing, locally still active, affects intrusive rocks and is believed to overprint Au mineralization.

| :

Figure 2. A: Stratovolcano during early stages
of development of porphyry Cu and/or Au de-
posits at depth. High-sulfidation epithermal :
environment, including surficial acid-leached
zone, is present high in system. B: Telescop-
ing of epithermal environment and porphyry
Cu and/or Au deposit as result of sector col-
lapse. Epithermal Au = Cu mineralization may
develop in telescoped high-sulfidation zone.
Legend as in Figure 1.
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Slide (plan): The intrusion, which is small, 600 by 1100 metres at surface, has sharp
contacts with the schists and forms an east-west elongated dome. Swarms of narrow,
irregular aplite dikes cut all phases and are in turn cut by swarms of near-vertical, east-
west oriented, 2 to 15 cm pegmatite (grey and white quartz with grains and clots of
K-Feldspar, biotite and hornblende that grade into grey quartz veins.

Slide (composition, texture): The stock is multiphase with 3 main phases: fine grained,
medium grained, porphyritic and coarse grained seriate textured porphyritic granite.

Slide (section): In cross section it is clear that the medium grained granite, which
predominates in map view, is a narrow carapace on the coarse grained granite stock. that
hosts the gold mineralization. There is pervasive propylitic alteration and weak
structurally controlled porphyry alteration that occurs along the two main structural
trends: east-west, related to doming, and southeast-northwest shear zones. Alteration
consists of 0.5 to 3 cm potassic, albitic and phyllic envelopes. Shear zones have mixed
phyllic and argillic alteration.

The system is sulphide-poor but there are related bismuth minerals, and some iron
sulphides, molybdenite and scheelite. The deposit has a weak pyrite halo.

Gold occurs in quartz veins in the granite, in quartz-filled shears, at the margins of
milky-white stockwork veins ( east-west strike, variable dips) and along fractures. It also
occurs in the pegmatites where they grade to gray quartz veins.

Reserves are 158 mT of 0.83 g/t gold.

Structural control: doming of the granite followed by subsidence at the apex of the
stock that formed subsidiary shears and structures.

Soil geochemistry has been the main exploration tool, mainly using gold but also
bismuth, tellurium, molybdenum, and tungsten.

lNewer Ideas: Telescoped Alteration and Gold Porphyries l

Slide: Sillitoe Erosion and alteration overprinting

A complication seen in some porphyry systems is telescoping. Telescoping is the process

of overprinting early, deep mineralization with shallow, possibly even epithermal styles

of precious and base metal mineralization.

e it can be caused by rapid, syn-hydrothermal erosion or sector collapse of the volcanic
edifices (stratovolcanoes or large flow dome complexes).

o Sillitoe (1994) estimates that in elevated terrain 1 km of erosion is easily feasible
during the life span of a hydrothermal system with resultant compression of any

contained ore deposits.
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e the slide shows the effect of sector collapse, such as debris avalanches, that may be
triggered by volcanic swelling due to synmineralization intrusion and facilitated by
hydrothermal weakening of volcanic edifices. Telescoping of the hydrothermal
system results.

e collapse leads to rapid influx of meteoric and/or ocean water into the hydrothermal
environment and a drop in confining pressure

e the lower pressure may induce boiling, hydrothermal brecciation, and possibly
epithermal gold precipitation.

e it may also lead to rapid influx of magmatic fluids

e these systems may have potential to create shallower than normal porphyry deposits
that may be giants. -

Slide: Sillitoe example of telescoped alteration overprinting

e Red Mountain represents a non-telescoped deposit with about 600m separating the K-
silicate core and the advanced argillic-sericite zone of high sulphidation type
(everything above has been eroded)

e Marte, Chile is a telescoped porphyry gold system developed in diorite porphyry.
High sulphidation advanced argillic alteration (A) is juxtaposed against a gold-
bearing quartz veinlet stockwork of K-silicate parentage.(with an intermediate argillic
d1a) overprint). Acid leached rock (AL) generated above the paleo-water table is
nearby

Ladolam, Papua New Guinea, is an extreme example of telescoping in which -silicate-

altered monzonite is overprinted by a tabular zone of low sulphidation epithermal gold

'mineralization. Acid leaching, which is still locally active, affects the monzonite and may

overprint the gold mineralization.

Theoretical Aspects of Gold Distribution in Porphyry and Related Deposits

Slide: Gammons and Williams-Jones theoretical treatment - gold porphyry

Two stages of evolution of a porphyry-epithermal system are shown.

A. fresh magma intruded to shallow depth causing fumerolic activity at surface and
episodic volcanic eruptions. Orthomagmatic fluids evolve migrate upward until reaching
a zone of boiling and potassic alteration. Gold partitions into the dense, saline brine as
AuCl,_and precipitates in the potassic zone due to cooling, dilution or pH changes during
boiling. At the same time a plume of H,S-rich steam causes phyllic alteration in the
overlying rocks and sulphidation of ferrous iron to pyrite. At shallow depth, mixing with
cool meteoric water condenses the edges of the vapor plume leading to local advanced

argillic alteration.
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B. the water saturated melt has retreated to deeper levels, allowing invasion of heated
meteoric water that causes widespread phyllic overprinting of earlier potassic alteration.
H,S and other magmatic volatile are no longer vented to surface but condensed into the
meteoric waters, which increases their capacity to remobilize gold that was previously
deposited in the potassic zone developed during stage A. Migration of metal and H,S-
enriched waters can lead to low sulphidation(LS) or high sulphidation (HS)
mineralization if the country rock is able to neutralize these waters.

Key comments in the paper are that:

e magmatic fluids can transport significant quantities of dissolved gold (>0.1 ppm)

e gold is dissolved mainly as AuCl,. at high temperatures and solubility drops as
temperature drops. At lower temperature, the dominant complex becomes Au(HS), ,
and solubility may increase with cooling. Hence gold in H,S-rich fluids tends to be
flushed away from the parent intrusion whereas H,S -poor fluids tend to deposit gold
close to the parent melt.

e the temperature of the transition depends on pH and H,S /Cl ratio of the original fluid
and whether boiling occurs

e downward collapse of an evolving porphyry system may lead to overprinting of
original gold-rich magnetite and potassic alteration zones by retrograde pyrite-rich
phyllic alteration. This can result in widespread remobilization of previously
deposited gold as bisulphide complexes

e porphyry systems may link to later epithermal gold deposition by providing a large
amount of low grade gold protore, by increasing secondary permeability and because
of abundant pyrite developed.

Slide: Thompson magmatic hydrothermal complex

Fluid processes affect porphyry mineralization. Although research supports a magmatic-
hydrothermal or orthomagmatic model for ore-forming fluids, external fluids play a role.
They may be metamorphic or connate waters, meteoric or sea water.

Slide: Thompson multi-phase system

Porphyry and Related Mineral Deposits

A wide variety of deposits occur peripherally to porphyry deposits. Deeper types are base
+/- precious metal skarns, mantos and replacement bodies. Gold skarns have been targets
recently (Gerry Ray will talk about skarns later). Replacement or disseminated styles of
gold deposits are spatially associated with porphyry systems, perhaps even Carlin-type
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deposits. Precious metal-bearing veins also occur, an example being the gold-copper-rich
brittle-ductile Twin Zone (Snip Mine) which is adjacent to the Red Bluff porphyry
system in the Iskut area of northwestern British Columbia. Nearby precious metal veins
on Johnny Mountain, have only brittle textures and formed at shallower depths.
Paragenetically late copper-gold veins in the upper parts of many porphyry deposits
commonly have high sulphidation mineral assemblages with advanced argillic alteration
envelopes. Deposits on the north end of Vancouver Island illustrate these relationships.
In summary, there are a continuum of deposit types related to porphyry systems.

CONCLUSION

There are a wide variety of calc-alkaline porphyry deposits, and these are mainly related
to destructive margin plate tectonic processes. In the Canadian Cordillera, the
development of Mesozoic SW Pacific type island arcs played a key role but Eocene
continental arcs were also important for development of copper +/- molybdenum +/- gold,
molybdenum and gold porphyries.
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ABSTRACT

Porphyry ore systems are widespread in the Canadian Cordillera and formed during two major episodes
in the Early Mesozoic and Late Cretaceous to Early Tertiary. Most of these deposits are calc-alkalic, Cu-
Mo-AgAu systems, but a subset of distinctive Cu-Au deposits is associated with alkalic igneous rocks
which were emplaced mostly between 210 and 200Ma. The alkalic deposits are spatially restricted to
primitive volcanic arc sequences of the Stuhini, Takla and Nicola Groups in the Quesnel and northern
Stikine terranes and comprise two K-rich magmatic affiliations. The first group (e.g., Galore Creek,
Rayfield River) is associated with silica-undersaturated alkalic magmatic complexes and is found in both
Quesnellia and Stikinia. The second group (e.g., Copper Mountain, Mt. Milligan) is associated with silica-
saturated alkalic complexes and is located mostly in Quesnellia. The intrusions of both groups have
primitive 87Sr/86Sr (0.70330.0003) and NdT (+2.7 to +7.9) signatures, and a petrogenetic link between
the two types is suggested by the coexistence of saturated and undersaturated igneous rocks in some
systems (e.g., Lorraine, Mount Polley).

Saturated complexes are hosted by augite and plagioclase phyric shoshonitic basalt and andesite and cut
by multiphase intrusive complexes. Intrusions vary in size from small batholiths to plutons and dike
swarms, and comprise equigranular to porphyritic diorite to monzonite with rare syenite. Phenocrysts
include major augite and plagioclase, more variable magnetite, hornblende, biotite and apatite, and rare
titanite. K-feldspar is abundant in the matrix and the intrusions contain up to 15% total magnetite. Trace
guartz is observed in only a few stocks. Most recognized saturated complexes contain Cu-Au
mineralization.

Mineralization in undersaturated complexes is less consistently developed. Strongly mineralized systems
are related to emplacement of multiphase intrusive complexes into shoshonitic basalts and/or
feldspathoid-bearing phonolites. Intrusions are dominated by porphyritic to megacrystic syenite with K-
feldspar megacrysts (to 25cm) accompanied by augite, biotite, magnetite and apatite, and more rarely
by plagioclase, titanite, pseudoleucite and/or melanite garnet phenocrysts. Undersaturated systems
with little to no mineralization are characterized by coexisting syenite and lesser pyroxenite, typically in
smaller, concentrically zoned or layered bodies; mineralization is erratic and restricted to small skarn or
veinlet-controlled Cu-Au zones.

The characteristics of alteration correspond to the range in magmatic composition from strongly
undersaturated to saturated. Alteration is quartz-absent and is characterized by distinctive Na-rich
(albite, scapolite, analcite) and Ca-rich (andradite, diopside, actinolite, calcite, anhydrite) mineral



assemblages, in addition to magnetite-rich potassic assemblages (biotite, K-feldspar). Mineralization
may be associated with Ca-, Na- and/or K-rich assemblages. Propylitic alteration is typically early and
peripheral, but spatial and temporal relationships among other assemblages vary. Sericitic and argillic
assemblages are generally absent to minor, and trace quartz is found only in late stage alteration in a
few saturated systems.

Alkalic deposits range up to 400M tonnes but are generally smaller, and typical grades are 0.25-0.5% Cu
and 0.35-075 ppm Au with locally higher grade subzones. The characteristic metal assemblage is Cu-Au-
Ag, with no significant Mo. Mineralization is low in total sulphide, and is both disseminated and fracture
controlled. Chalcopyrite and lesser bornite are the main ore minerals and have high ratios to pyrite. Cu
and Au are usually well correlated, but Cu/Au ratios vary between and locally within deposits, and may
be spatially zoned. Local disruption of the Cu to Au correlation reflects preferential redistribution of Au
during late, low temperature overprints in some systems. The low pyrite and high carbonate
concentrations in the ores inhibited secondary Cu enrichment.

Hydrothermal P-T conditions were generally similar to calc-alkalic deposits. Early fluid inclusions at
Galore Creek homogenize at up to 6500C, have salinities to 77 wt% NaCl equiv., compositions in the
H20-KCI-NaCl-CaCl2 system and formed at P<650bars; later fluids were cooler and less saline but of
similar composition. Mineralogical, fluid inclusion and stable isotope data support a magmatic origin for
the hydrothermal fluids. Fluids were released from magmas in undersaturated complexes both earlier
and more passively than in saturated complexes, and fracture densities are much lower in both alkalic
subtypes than in calc-alkalic deposits.

High-K calc-alkalic Cu-Mo-AgAu, saturated alkalic Cu-Au and undersaturated alkalic Cu-Au deposits form
a continuum across the alkalic end of the porphyry deposit spectrum. Alkalic intrusive rocks similar to
those which host Cu-Au deposits in British Columbia have been described from several widespread
shoshonitic volcanic belts, suggesting that they may also be prospective for Cu-Au deposits. Successful
exploration models for these belts must recognize and incorporate the magmatic, hydrothermal and
tectonic characteristics which distinguish alkalic from calc-alkalic porphyry systems.
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Na-K-Ca MAGMATIC-HYDROTHERMAL ALTERATION IN ALKALIC
PORPHYRY Cu-Au DEPOSITS, BRITISH COLUMBIA

James R. Lang, Clifford R. Stanley, John F. H. Thompson, Kathryn P. E. Dunne
Mineral Deposit Research Unit, Department of Geological Sciences, University of British Columbia,
Vancouver, British Columbia, Canada V6T 174

INTRODUCTION

In the Canadian Cordillera, porphyry ore
deposits formed within several tectonostrati-
graphic terranes, and along the margin of ancestral
North America, between Late Triassic and Eocene
time (Fig. 1). Most of these porphyry systems
contain Cu-Mo *Au deposits that formed in
response to emplacement of low- to high-K,O
calc-alkalic intrusive complexes in magmatic arc
settings and are typical of the class worldwide
(McMillan & Panteleyev 1994; McMillan er al.
1995; Sutherland Brown 1976). Among these
deposits, Barr et al. (1976) recognized the alkaline
suite of porphyry deposits (Fig. 1), a subgroup
that is temporally restricted to the Early Mesozoic
Quesnel and Stikine terranes in British Columbia
and which is distinguished by: (1) an association
with alkalic igneous rocks, (2) a metal assemblage
of Cu-Au-Ag with no significant Mo, and (3)
distinctive ~alteration, including assemblages
characterized by Na- and Ca-bearing minerals
(Na-rich and Ca-rich assemblages hereafter),
accompanied by magnetite-rich potassic alteration
and typical propylitic alteration, with a near-
absence of sericitic, argillic and advanced argillic
assemblages. In this paper we consider the
hydrothermal characteristics of alkalic Cu-Au
porphyry deposits, including: (1) the mineralogy,
Paragenetic sequence, and zoning relationships
among the major alteration assemblages, (2) the
constraints on fluid composition, and (3) a
comparison of Na-rich and Ca-rich alteration
assemblages in alkalic systems to similar
assemblages described from other hydrothermal
nvironments. We conclude by presenting a
Model that describes the relationship between the
major alteration assemblages and the composition

and evolution of the associated alkalic magmas.

TECTONIC SETTING AND MAGMATIC
ASSOCIATIONS

The alkalic Cu-Au deposits are restricted to
Quesnellia and northern Stikinia (Fig. 1). These
terranes are dominated by volcanic rock
sequences that formed in an intraoceanic island-
arc environment (Souther 1991; Gabrielse ef al.
1991).  The volcanic sequences comprise the
Nicola and eastern Takla groups in Quesnellia,
and the Stuhini and western Takla groups in
northern Stikinia. Each sequence includes suites
of both alkalic and calc-alkalic composition
(Mortimer 1987; Preto 1977) overlain uncon-
formably by Middle Jurassic volcanic sequences.
Recent U-Pb dating by Mortensen et al. (1995)
has shown that the majority of the alkalic deposits
formed between 211 and 200 Ma. This age range
corresponds to the unconformity between Late
Triassic and Early to Middle Jurassic volcanic
sequences and may reflect a volcanic hiatus or a
period of restricted magmatic activity resulting

from a change in subduction-zone dynamics or

morphology (Lang et al. 1995). Two deposits are
significantly younger, Mount Milligan (183 to 189
Ma) and Katie (an inferred age of about 185 Ma;
Cathro et al. 1993), with ages that coincide with
the collision of the Quesnel terrane, host to the
deposits, with ancestral North America.

The alkalic suite magmatic-hydrothermal
complexes in British Columbia have been
subdivided by Lang er al. (1994) into silica-
saturated and silica-undersaturated types (Fig. 1).
Silica-saturated complexes in British Columbia
are characterized by: (1) alkalic igneous rocks
that typically either lack, or have very minor,
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Figure 1. Location of alkalic Cu-Au porphyry deposits in British Columbia. Inset shows reported radiometric ages % E
for porphyry deposits in British Columbia; data for alkalic deposits are from Mortensen et al. (1995). e

normative quartz or feldspathoid, and only rarely
contain very minor modal quartz (usually
restricted to late-stage intrusions); (2)
diorite/gabbro to monzonite compositions only
rarely accompanied by minor pyroxenite and
syenite; (3) equigranular to porphyritic igneous
textures; and (4) associated volcanic rocks of the
Takla or Nicola groups that are augite-phyric and
mafic to intermediate in composition. Although
individual silica-saturated magmatic complexes
typically include ‘barren’ intrusions which are not
directly related to hydrothermal mineralization,
Cu-Au mineralization is genetically related to at
least one intrusive stage in each complex
identified to date. Silica-saturated systems (Fig. 1)
include Copper Mountain/Ingerbelle (Stanley er
al. 1995), Katie (Cathro er al. 1993), the Iron
Mask batholith (Lang & Stanley 1995; Ross ef al.

1995), and Mount Milligan (Barrie 1993;
Sketchley et al. 1995).
Silica-undersaturated systems in  British

Columbia are characterized by: (1) alkalic intru-

&
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sions with ubiquitous normative feldspathoids,
and commonly modal feldspathoids or other
silica-undersaturated mineral phases (e.g,
melanite garnet); (2) intrusions dominated by
syenite with lesser but significant pyroxenite,
which in several complexes form zoned plutons
with textural evidence for gravitational segre-
gation of pyroxenite; (3) variable amounts of
igneous rocks of intermediate composition that are
magmatic or mineralogical combinations of the
syenite and pyroxenite end-members (Lueck &
Russell 1994); (4) megaporphyritic igneous
textures; and (5) associated volcanic rocks that,
where preserved, commonly include feldspathoid-
bearing sequences in addition to augite-phyric
units similar to those that host silica-saturated
intrusions. In contrast to silica-saturated com-
plexes, the silica-undersaturated systems include a
group that hosts major Cu-Au mineralization,
including Rayfield River, Galore Creek (Enns e/
al. 1995), and Copper Canyon (Bottomer & Leary,
1995). and a second group of petrologically "




Table 1. Reserves in alkalic porphyry Cu-Au deposits

Alkalic Porphyry Deposits

Million Reserve

Tonnes Cu % Auppm  Agppm Type Source
Mount Milligan 299 0.22 0.450 ‘ mineable Sketchley et a/ (1995)
BP-Chuchi 50 0.21-04 0.21-0.44 geologic Nelson et al. (1991)
Lorraine 10 0.70 0.343 geologic Bishop et al. (1995)
Coppper Mtn Ca 167.7 0.46 0.127 1.72 production Stanley ef al. (1995)
Afton 30.8 0.77 0.580 4.2 mineable/prod - Kwong (1987)
Ajax 20.7 0.45 0.340 mineable/prod  Ross et al. (1995)
Pothook 3.26 0.35 0.770 production L. Bond (pers. comm.)
Big Onion 24 0.34 0.400 8 mineable Vollo (1985)
DM 2.685 0.38 0.270 geologic L. Bond (pers. comm.)
Crescent 1.448 0.44 0.180 production L. Bond (pers. comm.)
Katie small 0.04-1 low 0.x Cathro et al. (1993)
Galore Creek 125 1.06 0.400 7.7 proven Kennecott (pers. comm.)
Mount Polley 48 0.44 0.583 4.5 mineable Fraser et al. (1995)

similar complexes (Lueck & Russell 1994) that
have no associated Cu-Au mineralization (Fig. 1).

Several alkalic complexes contain both silica-
saturated and silica-undersaturated igneous rocks.
Within the Hogem batholith (Fig. 1), the Lorraine
deposit (Bishop et al. 1995) is located within the
Duckling Creek complex which includes silica-
undersaturated syenite and melanite-bearing
biotite pyroxenite, and silica-saturated rocks of
intermediate composition. Mineralization at
Mount Polley (Fraser 1994a,b; Fraser et al. 1995)
is hosted by the silica-saturated Mount Polley
diorite and monzonite complex that is adjacent to
an intrusion dominated by pseudoleucite-bearing
syenite. Several unmineralized complexes also
contain silica-undersaturated and silica-saturated
to oversaturated rocks that are temporally and
spatially coincident (Lang ef al. 1995).

HYDROTHERMAL CHARACTERISTICS AND
RELATIONSHIPS

Documentation of the relationship of Na-rich
and Ca-rich alteration assemblages to magmatic
¢vents and other hydrothermal alteration
assemblages is prerequisite to understanding the
origin and evolution of the hydrothermal fluids.
The following sections summarize the field and
Petrographic  characteristics of hydrothermal
alteration and mineralization at Galore Creek,

ount Polley, Copper Mountain, and in the Iron
Mask batholith, for which our documentation of

these relationships is most complete. Na-rich
alteration also occurs at Mount Milligan, but its
relationship to other alteration assemblages is not
well-constrained and it is not described further.
Grade and tonnage of the alkalic deposits are
summarized in Table 1.

Galore Creek

The geology of Galore Creek has been
described most recently by Enns et al. (1995).
Hydrothermal alteration is developed within a
silica-undersaturated, multiphase complex of at
least twelve stages of syenite intrusion which cut
alkalic, augite-phyric intermediate volcanic rocks
and pseudoleucite-bearing phonolites. The district
includes twelve zones of Cu-Au mineralization.
The largest deposit, and the focus of this
description, is the northerly-elongated Central
zone, in which mineralization formed within and
adjacent to syenites that intruded early in the
sequence of magmatic events. However,
hydrothermal  activity  continued, perhaps
episodically, until the very latest stages of
intrusive activity, and this later mineralization is
found most commonly in the matrix of, and in
fragments within, orthomagmatic and diatreme
breccias. = The distribution and paragenetic
sequence of the major alteration assemblages in
the Central zone are summarized in Figure 2.

Alteration in the core of the Central zone is
dominated by an assemblage that is characterized
both by Ca-bearing and K-bearing minerals,
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Figure 2. Geology (simplified from Enns e al. 1995) and alteration paragenesis for the Central zone, Galore
Creek. Mineral abbreviations in this and subsequent diagrams are: ab albite; act actinolite; aeg aegerine; aln
allanite; anal analcime; anh anhydrite; ap apatite; arfved arfvedsonite; bi biotite; bn bomite; cal calcite; carb
carbonate; chl chlorite; cpy chalcopyrite; di diopside; dolo dolomite; ep epidote; fl fluorite; gl galena; gt

gamnet; hem hematite; KF potassium feldspar; mt magnetite; py pyrite; qtz quartz; rieb riebeckite; rut rutile;

scap scapolite; ser sericite; sl sphalerite; sod
Parenthesized phases indicate minor occurrence.

which we hereafter refer to as a calc-potassic
assemblage. The calc-potassic alteration is intense
and is characterized by disseminations and
massive replacements, and to a lesser degree by
veins and envelopes around fractures, in both the
syenites and their volcanic wallrocks. The
paragenetic sequence of this early alteration
includes an initial stage of apatite and strongly
zoned andradite garnet precipitation, an inter-
mediate stage in which apatite, garnet, biotite and
K-feldspar are the major stable assemblage, and a
later stage in which garnet is partly replaced by
biotite and K-feldspar. The garnets typically have
compositions of Ad,s.qo and TiO, concentrations
between 0.1 and 4.9 wt.% (Lang e al. 1993; Lang
1994), but a few grains contain minor, sharply-
bounded grossular zones. Anhydrite is locally
intergrown with, but is more commonly interstitial
to or replaces the garnet, and is also found as fill
in dilatant fractures. Minor minerals that are
difficult to place in a definite temporal sequence,
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sodalite; titn

titanite; tour tourmaline; verm vermiculite.

but which seem to be mostly later than gamet,
include chalcopyrite, bornite, sphalerite, galena,
diopside, albite, carbonate, analcime, sodalite,
scapolite, allanite, and fluorite.

Toward the northern and southern ends of the
Central zone, the calc-potassic core yields to a
potassic assemblage of K-feldspar - biotite - an-
hydrite-magnetite-hematite-chalcopyrite-bornite +
rutile + sphalerite * pyrite. The style and intensity
of this potassic alteration are similar to those
observed in the calc-potassic core, but the precise
timing between these two assemblages has not
been fully resolved. Locally, albite-epidote veins
are found within the areas affected by calc-
potassic and potassic alteration. All alteration
assemblages are locally overprinted by a sericite-
anhydrite-carbonate assemblage.

Throughout the Central zone, mineralization
is found in disseminated and minor fracture-
controlled styles. Chalcopyrite is the major sulfide
throughout the deposit, but is accompanied by
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Figure 3. Simplified geology and alteration paragenesis in the Mount Polley deposit. Distribution of units is
simplified from Fraser (1994b). See Figure 2 for abbreviations.

significant bornite in the northern and southern
ends of the deposit (Fig. 2). Within the ore zone
pyrite is minor to absent, but it increases to 5% in
calcite-chlorite-pyrite propylitic alteration to the
north and east. The Cu grade is relatively
constant throughout the Central zone, but the Au
grade increases slightly toward both the north and
south.

Mount Polley

The Mount Polley system has been described
most recently by Fraser (1994a,b) and Fraser et al.
(1995). Mineralization at Mount Polley is hosted
by a silica-saturated diorite intrusion but, on the
basis of crosscutting relationships and zoning of
alteration, is temporally related to younger, silica-
saturated monzonite plugs and dykes. The district
also contains a pseudoleucite-bearing syenite
intrusion and volcanic rocks both with and
without feldspathoids, but the petrogenetic
relationship between the silica-undersaturated
rocks and the silica-saturated intrusions has not
been established.

Hydrothermal effects at Mount Polley are
associated with magmatic-hydrothermal breccias
that formed adjacent to the plagioclase-phyric

monzonite porphyry intrusions (Fig. 3). Altera-
tion and mineralization are found in the matrix of
the breccias, in altered fragments within the
breccias, and in veins and vein swarms distributed
around the breccias. The breccias have been
subdivided into four types on the basis of the
major mineral in the matrix: (1) actinolite (with
chalcopyrite-diopside-magnetite-calcite-pyrite =+
bornite); (2) biotite (with chalcopyrite-pyrite-
magnetite + bornite + albite); (3) magnetite (with
diopside-chalcopyrite-pyrite); and (4) albite (with
biotite-diopside-magnetite-chalcopyrite-pyrite).
The actinolite breccias commonly have fragments
with relatively unaltered cores and pervasively K-
feldspar-altered margins, whereas fragments in the
biotite and magnetite breccias are pervaded by K-
feldspar-biotite-magnetite alteration. Fragments
in albite breccias commonly grade from albitized
margins (Ang.qp; Fraser 1994b) to K-feldspar-
altered cores, and this pattern may represent a Na-
rich overprint on preexisting potassic alteration, or
mineralogical zoning during a single episode of
hydrothermal alteration.

The hydrothermal breccias yield outward to
rocks cut by veins. Sinuous veins dominated by
actinolite with K-feldspar envelopes are found
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near and within the actinolite breccias. Discon-
tinuous stringers of magnetite-chalcopyrite =*
diopside * pyrite with K-feldspar envelopes and
sinuous, unfilled fractures with K-feldspar
envelopes are found throughout the core of the
system. The early, irregular veins are cut by
planar, dilatant fractures filled with magnetite-
chalcopyrite-bornite which grade outward to
magnetite-chalcopyrite-pyrite veins. Near the
albite breccias, veins with K-feldspar envelopes
are crosscut by albite-diopside veins. Locally, the
alteration envelopes coalesce to form pervasive
alteration.

The area that encompasses alteration
dominated by K-feldspar and the magmatic-
hydrothermal breccias is surrounded by low- to
high-sulfide, fracture-controlled propylitic
alteration consisting of epidote-albite-chlorite-
pyrite £ magnetite * trace chalcopyrite which is
interpreted from crosscutting relationships to have
formed at approximately the same time as potassic
alteration. Near the contact between the potassic
and propylitic assemblages is a zone of pervasive
and fracture-controlled andradite-K-feldspar-
albite-epidote-chalcopyrite-pyrite + magnetite £
diopside alteration. This calc-potassic alteration
overprints the potassic and propylitic assemblages
and an albite breccia. @A zone of massive
andradite-clinopyroxene-magnetite skarn  with
minor chalcopyrite and trace pyrite is located in
the southeastern part of the deposit (Fig. 3), but its
timing relative to other alteration assemblages is
unknown.

Iron Mask Batholith

The Iron Mask batholith is a composite,
alkalic intrusive complex hosted by Nicola Group
volcanic rocks. The magmatic rocks in the
batholith (Fig. 4). described in detail by Snyder &
Russell (1995), were emplaced in the following
sequence: (1) the Pothook clinopyroxene diorite,
and the Hybrid clinopyroxene diorite, the latter an
intrusion breccia phase of the Pothook diorite; (2)
the Cherry Creek clinopyroxene monzodiorite to
monzonite; and (3) the hornblende-phyric
Sugarloaf diorite. On the basis of Pearce element-
ratio analysis (Snyder & Russell 1995), the
Pothook and Cherry Creek phases are interpreted
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to have a direct petrogenetic relationship to each
other, whereas the geochemical composition of
the Sugarloaf diorite cannot be directly derived
from the earlier intrusions.

Three distinct styles of hydrothermal altera.
tion and mineralization formed in association with
intrusion of the Pothook, Cherry Creek, and
Sugarloaf phases of the batholith, respectively,
and one or all may be present in the numerous
zones of Cu-Au mineralization (Fig. 4). Within
the Pothook diorite, hydrothermal fluids formed
large, dilatant magnetite-apatite-amphibole veins
which do not contain significant Cu or Au (Cann
1979). The second hydrothermal event formed
zones of pervasive K-metasomatism along both
sides of the contact between the Cherry Creek and
Pothook phases where either intrusion breccias or
intense fracturing focussed fluid flow (Lang &
Stanley 1995). This alteration, which forms the
major assemblage in the Crescent and DM
deposits, and is also present in the Afton and
Pothook deposits, comprises K-feldspar + biotite
+ magnetite. Sulfides in this assemblage are
disseminated or in microfractures, and the sulfide
concentration is highest in zones characterized by
secondary biotite; additional Cu-Au mineraliza-
tion precipitated during several subsequent stages
of vein formation (Lang & Stanley 1995). In
addition, many similar but sulfide-barren zones of
K-metasomatism are found along the margins of
intrusions of the Cherry Creek phase throughout
the northern end of the batholith (Lang & Stanley
1995). Minor quartz accompanies pervasive
alteration at Crescent. In the DM zone, quartz—-
sulfide veins are common and are the only
example of significant silica precipitation among
the alkalic porphyry deposits investigated. The
third major hydrothermal episode resulted in Na-
rich alteration in the Big Onion, Afton, Galaxy,
Pothook, and Ajax East and West deposits, and is
spatially and temporally associated with intrusions
of Sugarloaf diorite (Lang & Stanley 1995; Ross
et al. 1995). A critical characteristic of alteration
in the batholith is that Na-rich alteration is never
associated with intrusions of the Cherry Creek
phase, whereas Sugarloaf intrusions, varying from
large stocks to dykes less than one meter in width
and located throughout the batholith. are almost
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Figure 4. Location of Cu-Au deposits and the sequence of magmatic and hydrothermal events in the Iron Mask
batholith. The geology is simplified from Snyder (1994); intrusions and dykes of Sugarloaf diorite occur
throughout the batholith but are too small to show. See Figure 2 for abbreviations.

invariably affected by Na-rich alteration without
accompanying K-rich alteration.

In the Ajax East and West deposits (Ross et
al. 1995), Na-rich alteration (Fig. 5) is charac-
terized by selectively pervasive replacement of
plagioclase by chessboard-twinned albite, and by
diopside  after igneous hornblende and
clinopyroxene. Na-rich alteration varies from

- incipient to intense, and its pervasive character

commonly results from coalescence of alteration

envelopes around dilatant albite-diopside-epidote-
pyrite-chalcopyrite veins which comprise 0 to 15
vol. % in zones of intense Na-rich alteration. In
intensely altered zones, titanite with magnetite
inclusions replaced diopside. Na-rich assemblages
are locally replaced by prehnite and are crosscut
by sulfide-bearing pumpellyite and calcite veins.
The Cu and Au grades have a strong statistical
correlation with Na-rich alteration of moderate
intensity, but grades of both metals diminish

Propylitic Potassic Scapolitic

Sodic

metres

[+] 100 200

Sugarloaf
Diorite

Diorite

Picrite POthOOk/Hybrid

)]
Occurs as zones 3
of stockwork in  Scap-(Bi,Chl)+/-(Cpy,Di)
Ajax East Pit A

KF-Ab-Cal-Ep-Chl-Act-
Di+/-(Cpy,Mt,Bi)
Fracture Controlled

e

Ep-Chli-(Cal)+/-(Py,Cpy)
EI:D Pervasive and Fracture-
Controlled

% % Ab-Di-(Py-Cpy-Ep-Cal-Titn-Mt)
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Weak to replace Di and sulphide is trace)

Moderate 'Me€NS€  pervasivesFracture-Controlied

Early

Figure 5. Simplified geology and alteration paragenesis in the Ajax West deposit, Iron Mask batholith. Geology
and alteration have been simplified from Ross ef al. (1995). See Figure 2 for abbreviations.
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Figure.6. Simplified geology of the Copper Mountain district. Geology simplified from Preto (1972). See Figure

2 for abbreviations.

sharply as the intensity increases (Ross 1993). On
the basis of mutual crosscutting relationships, the
Na-rich alteration has been interpreted as
generally coeval with the propylitic alteration
which surrounds it (Ross er al. 1995). Potassic
alteration is expressed as swarms of sub-parallel
veins that cut both pervasive Na-rich and
propylitic alteration. Potassic veins contain K-
feldspar, minor albite, calcite, epidote, and
diopside, and trace chalcopyrite. The veins
commonly have selvages of chlorite, calcite, and
actinolite and envelopes of K-feldspar and
actinolite. (In this paper, selvage is defined as a
mineral coating on the inside wall of a dilatant
vein, whereas an envelope is alteration in the
~wallrock of the vein). Minor disseminated biotite
- occurs locally. Younger marialitic scapolite
alteration occurs as minor stockworks in the Ajax
East pit, and is accompanied by minor biotite,
chlorite, chalcopyrite and diopside. The average
composition of 23 electron microprobe analyses
of scapolite (Ross 1993) is (Na; 6CagoKgFepo1)-
(Al34Si76) (O23,1Clo9OHo 1)-

The composition of secondary feldspars has
been reported by Ross (1993). A feldspar grain in
a potassic vein which cuts the propylitic zone has
an albite core (Ang,) and a margin of orthoclase
(Oreg). Veins that cut pervasively albitized
Sugarloaf diorite contain albite (Ang;)., orthoclase
(Orgg). and a feldspar of intermediate composition
(Or3;pAbgeAny;). Feldspar from pervasive Na-rich
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alteration in Sugarloaf diorite is Ancgs.

The recently discovered Rainbow zone (Fig.
4) contains significant Cu-Au mineralization
hosted by an intrusion of Sugarloaf diorite.
Although we have not yet examined this zone, J.
Oliver (personal comm.

mineralized Sugarloaf diorite, this intrusion has
been only weakly affected by Na-rich alteration.
More importantly, the zone contains distinctive
alteration that is largely confined to the intrusion
and that is defined by Ca-bearing minerals which
include zoned andradite garnet accompanied by,
or zoning outward to, a diopside-hedenbergite-
actinolite assemblage. - K-feldspar and chlorite
(after biotite?) are also present, but their
relationship to the Ca-rich assemblage is not yet
known. This alteration may be similar to the calc-
potassic assemblage at Mount Polley and Galore

Creek.

Copper Mountain/Ingerbelle

In the Copper Mountain district (Stanley ef al.
1995; Fig. 6), Nicola Group volcanic rocks were
intruded by the Copper Mountain stock, a large
intrusion that is concentrically zoned from a
margin of diorite to a core of syenite, and by the
Smelter Lake and Voigt stocks which are
petrographically similar to the diorite phase of the
zoned stock. The plutons and volcanic rocks were:
subsequently intruded by diorite to monzonite

1995) reports that, in -
contrast to other examples of altered and*——;!
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Figure 7. Schematic model for the evolution of the hydrothermal system at Copper Mountain.

dykes, sills, and plugs of the Lost Horse intrusive

complex. The youngest phase of the Lost Horse
monzodiorite ' to

complex is a porphyritic
monzonite that is temporally and spatially
associated  with  alteration and Cu-Au

mineralization (Huyck 1991).

Hydrothermal activity in the district has
produced a complex distribution of alteration
assemblages that exhibit significant spatial and
temporal variation in mineralogy (Figs. 6 and 7).
The main occurrence of the Lost Horse complex is
on the north side of the district, but zoning
patterns of alteration and mineralization are more
consistent with a thermal center on the south side

of the camp. Locally in the south part of the
district, there is an early stage of pervasive
propylitic alteration that is overprinted by Na-rich
and potassic assemblages. This sequence has been
interpreted to reflect an initial stage of prograde
propylitic alteration that expanded outward over
time, followed by formation of pervasive Na-rich
and pervasive potassic alteration. The Na-rich
alteration is dominated by albite (An<s) with
variable amounts of diopside, chlorite, and
epidote, and minor pyrite and chalcopyrite.
Pervasive potassic alteration is dominated by K-
feldspar, and also contains biotite, minor
magnetite, epidote, and chalcopyrite, and trace
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pyrite. The pervasive Na-rich and potassic
alteration hosts potassic-assemblage veins which
introduced most of the Cu-Au mineralization and
which comprise pegmatoidally-textured K-
feldspar-biotite-calcite-pyrite-chalcopyrite-bornite
+ magnetite + epidote veins in the south and
magnetite-hematite-calcite-pyrite-chalcopyrite  +
K-feldspar + biotite + chlorite + apatite + titanite
veins in the north. These veins are cut by barren
to weakly mineralized albite-epidote and K-
feldspar-epidote veins in the south and north,
respectively. In the Ingerbelle and Pit 3 areas,
late-stage veins of barren scapolite-albite-K-
feldspar formed which, together with the albite-
epidote veins, may represent a second stage of Na-

rich alteration. Fracture-controlled propylitic
alteration and several stages of post-
mineralization veining overprinted the early

pervasive and veinlet-controlled alteration assem-
blages during thermal collapse (Stanley er al.
1995). Minor, early-stage alteration which
includes garnet and diopside has been reported
from the Copper Mountain camp (Preto 1972), but
its temporal and spatial relationship to other
alteration assemblages is unknown.

Pervasive Na-rich alteration is most abundant
in the south part of the district, but minor
occurrences are present throughout the camp.
Pervasive potassic alteration is also widely
distributed, but is most abundant and intense in
the north.  The relationship between these
pervasive assemblages is more clearly displayed
around individual dykes of the Lost Horse
complex (Fig. 8). Dykes of Lost Horse monzonite
commonly have an intcrior zone of pervasive
potassic alteration which may affect both the outer
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portion of the dyke and the wallrocks, and an
outer zone of pervasive Na-rich alteration that is
usually confined to the wallrocks. Farther from
the dyke, the Na-rich alteration commonly has
albite envelopes around fractures that channeled
fluid flow. The zones of both pervasive Na-rich
and potassic alteration also commonly contain
dilatant potassic veins. In Pit 3, a Lost Horse
dyke has sections affected by K-metasomatism
and Na-metasomatism which are separated by
only a few meters along strike. Individual veins
with envelopes of K-feldspar adjacent to the vein |
and envelopes of albite farther from the vein have -
also been observed.

SUMMARY OF ALTERATION AND
MINERALIZATION ASSEMBLAGES

The general characteristics of the major
alteration assemblages in alkalic porphyry
deposits are summarized in Table 2. Potassic
alteration is dominated by K-feldspar and/or
biotite, is commonly magnetite-rich, and is an
important or principal assemblage in all alkalic
deposits.  Na-rich alteration is a widespread,
strongly-developed assemblage in the silica-
saturated Iron Mask and Copper Mountain
systems, is well-developed locally in the silica-
saturated Mount Milligan complex and in the
mixed saturated/undersaturated system at Mount
Polley, but is absent to trace at Galore Creek,
Lorraine, and Rayfield River. It is probable that
Na-rich alteration in alkalic porphyry deposits will
eventually be subdivided into several different
sub-assemblages, but we are not yet prepared to !
do so here. Alteration characterized by Ca-bearing
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Table 2. Summary of the characteristics of major alteration assemblages in alkalic porphyry Cu-Au deposits

Alteration Defining Host Stylc3 Depth Temp Location'  Association with
Assemblage Deposits Minerals' Rocks® (°C) Mineralization
Potassic All KF and/or diorite to P.F shallow, >350? core weak to strong
bi £ mt syenite subvol-
(I>V,Bx) canic
Sodic Copper Mountain ab-di = diorite to P.F shallow, 350<T<670  core weak to strong
Iron Mask System (chl.ep) monzonite subvol-
Mount Polley (I>>V>Bx) canic
Mount Milligan
Calc-Potassic-  Galore Creek t-KF-bi = syenite to shallow, 400 to 650 core and weak to moderate
Mount Polley (ap,anh) monzonite subvol- inter-
Rainbow Zone LV,Bx canic mediate
Lorraine?
Propylitic All al-chl-py diorite to F>P shallow, <200 t0 300°  peripheral  none
+ (ep,ab) syenite subvol- or
LV canic overprint

! Abbreviations listed in Figure 2
2i = intrusion: V = volcanic; Bx = orthomagmatic breccia
* P = pervasive; F = fracture-controlled

minerals, usually also contains abundant K-
bearing minerals and is herein considered to be a
calc-potassic- assemblage; this alteration type is
most strongly developed in the silica-
undersaturated system at Galore Creek, is an
important assemblage in the mixed silica-
saturated/undersaturated systems at Mount Polley
and Lorraine, and is a minor assemblage in the
silica-saturated Iron Mask and Copper Mountain
systems. On the basis of the above review, calc-
potassic and Na-rich assemblages may be earlier,
later, or contemporaneous with potassic
assemblages, and the three assemblages exhibit
variable spatial relationships to each other. The
style of each of these early assemblages is most
commonly  pervasive and  microfracture-
controlled, accompanied by only minor and
discontinuous dilatant fractures. Later stages of
alteration are more commonly characterized by
the presence of planar, tight to dilatant fractures,
although these veins are never observed in the
density typical of stockworks in calc-alkalic
porphyry systems. Propylitic alteration is limited
and weak in many deposits, but forms a halo up to
3 km in width at Mount Milligan. Propylitic
alteration is found mostly on the periphery of the
hydrothermal  systems, but our working
hypothesis, which is based on crosscutting vein
relationships in several deposits, is that propylitic
alteration formed in approximate contemporaneity
with the Na-rich, Ca-rich, and/or K-rich assem-

4 Relative position within the hydrothermal system
$ Unpublished fluid-inclusion data of Lang

blages, although it is common to locally find
propylitic overprints on the other assemblages.

The main ore mineral in each of the deposits
is chalcopyrite. Bornite is common and may
locally exceed chalcopyrite in abundance. Trace
to minor sphalerite and galena are present in some
systems, but their timing and distribution are
erratic and only poorly known. Molybdenite is
very rare and Mo concentrations are usually <20
ppm. Gold occurs as inclusions in Cu sulfide
minerals, and Cu and Au are usually well-
correlated within individual deposits or zones
(Stanley, work in progress). Within the ore zones,
sulfide concentration is invariably low and Cu
sulfides greatly exceed pyrite, whereas in
propylitic zones pyrite concentration ranges up to
several percent. Na-rich, Ca-rich, and potassic
alteration are all associated, at least locally, with
Cu-Au mineralization.

Alteration and mineralization in each of the
alkalic systems is interpreted to have formed at
depths which did not exceed a few kilometers.
Data on primary fluid inclusions in garnet from
Galore Creek (Dunne et al. 1994; Thompson et
al., work in progress) indicate pressures between
200 and 650 bars. This is consistent with the
interpretation of Enns et al. (1995) that the
syenites at Galore Creek intruded a volcanic pile
to which they are genetically related, and with the
presence, in late-stage syenites, of deuteric garnet-
epidote alteration that filled miarolitic cavities.
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Most deposits contain planar, dilatant veins and
magmatic-hydrothermal breccias with textural
evidence for abundant open space, both of which
are consistent with relatively shallow depths.

PROCESSES OF HYDROTHERMAL
ALTERATION

The formation of Na-rich or calc-potassic
assemblages, and their temporal and spatial
relationship to potassic alteration, may be a
consequence of: (1) magmatic fluid composition,
which may vary between individual magmas or
may evolve within a single magma in response to
differentiation; (2) changes and gradients in
temperature and pressure across, and during the
evolution of, the hydrothermal system; and (3)
changes in fluid chemistry because of mineral
precipitation, wallrock reactions, or mixing with
externally-derived fluids.  Field relationships,
alteration parageneses, and the variation in zoning
relationships among alteration assemblages, as
described above, indicate that all of these controls
have influenced the formation of Na-rich and, to a
lesser extent, calc-potassic alteration in alkalic
porphyry deposits. The relative importance of
these controls is discussed with reference to each
style of alteration in the following sections.

Sodium-rich (Sodic) Alteration

In the lron Mask batholith, Na-rich alteration
of the Sugarloaf diorite in the Ajax East and West
deposits, which will be suggested in later sections
to be controlled by the composition of magmatic
fluids emanating from the Sugarloaf diorite, can
be represented by the following equation:

75Nay 7Cay.53Al] 33812 670y (igneous plag)+
5Nag ,Ca,Fe, ;Mg: «Alg 3Si; §02o(0H); (amph) + 5Fe;0, (1gneous
mag) + 8CaFcy., Mg 20 51,0, (igneous cpx) +5KAISi;O0, (Kspar) +
2Cag(PO,);(OH) (ap) + 120.5H,Si0; (aq) + 56Na’ + 4.5Mg™"
106.5NaAlSi;04 (allcrauon alb) + 3 .5CaFe(..Mgy xSle(, (alterauon
cpx) + 6. SFet + 10Fe™ + 17.5Ca +247H,0 + 5K* + 6P

)

The reaction is balanced on Al which Pearce
element-ratio analysis indicates is conserved
(Stanley. work in progress). and is constrained to
produce a molar ratio of albite to diopside of 3:1,
consistent with field observation. Based on an
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average modal composition of fresh Sugarloaf
diorite (70plag 15hbl Scpx SKspar 2.5mag 2.5ap;
Snyder 1994; Ross 1993), the respective
ca]culated reactant and product densities of 2.837
g/cm and 2.772 g/cm are very snm:lar to average
measured densities - of 2.828 g/cm and 2.754
g/cm with a similar magnitude of change. The
reaction produces a molar volume decrease of
12.8% (from 105.22 cm’ to 91.47 cm®), which
compares favorably with the proportion of dilatant
veins observed in the intensely altered zones
(Ross 1993). The modelled composition of
altered Sugarloaf diorite compares favorably with
the measured compositions. Furthermore, the
effects of reaction (1) are consistent thh
petrographlc observations, including: (1) Fe** and
Ca are liberated for precipitation of epidote; (2)
ca** may also be fixed in diopside, and possxbly
calcite and trace anhydrite; (3) minor K' is
produced for precipitation in K-feldspar veins that
may crosscut the Na-rich alteration; and (4) both
H' and H,SiO, (aq) are consumed, which inhibits
quartz precipitation, in spite of cooling. The

transport of Cu in porphyry systems has usually
been ascribed to chloride complexes (e.g., Barnes{

1979). In the alkalic porphyry systems,
dissociation of these complexes may have been
induced by the Fe®* liberated in reaction (1) by
equations similar to the following:

Fe?* + CuCL,0 + 2H,S <> CuFeS, + 2CI" + 4H* (2)

Fe?* + 5CuCL° + 4H,S + 4e~ «» CusFeS, + 10CI" + 8H"
' &)

The observed decrease in grades of Cu and Au
with increasing intensity of Na-rich alteration at
the Ajax deposit (Ross 1993) may reflect either
leaching of previously precipitated sulfides or
their non- precxpnatxon because of the reduced
availability of Fe* to drive Reactions 2 and 3.

In the Copper Mountain system, pervasive
Na-rich and pervasive potassic alteration are
zoned at the district scale. The spatial relationship
between these assemblages may reflect both
district-scale temperature gradients and local
modification of fluid composition by reaction with
minerals, rather than control by the composition :
of fluids evolved from chemically distinct -




magmas. Albitization of plagioclase or K-feldspar
requires a fluid with low ratios of
mCaCly/(mCaCl, + mNaCl) and mKCl/(mKCI +
mNaCl) (where m is the molality of species in
solution; Orville 1963, 1972). At 2 kb pressure,
the molar K/(K+Na) ratio of a fluid in equilibrium
with two alkali feldspars is 0.25 at 650 °C, but

drops to0 0.16 at 400 °C (Orville 1963); thus, with
increasing temperature a Cl-bearing fluid with
both K and Na will cause albitization, whereas
cooling of this fluid will result in K-
feldspathization. The effect of high F concen-
trations on the direction of change in the molar
K/(K+Na) ratio with temperature is uncertain, as
the experimental studies of Kovalenko (1976) and
Doherty (1990) indicate a reverse and a similar
relationship, respectively, to that observed in Cl-
rich fluids; in either case there is, except for minor
fluorite at Galore Creek, little evidence for F-rich
fluids in alkalic porphyry deposits. Cooling of a
Cl-rich fluid in the presence of only plagioclase
will cause a decrease in the molar Na/(Na+Ca)
ratio and will result in albitization, but in the
alkalic systems two alkali feldspars are usually
present. Control of feldspathization by
temperature gradients has been documented at
Yerington, Nevada, where sodic-calcic alteration
formed in a prograde temperature regime at depth
and was contemporaneous with potassic alteration
which formed in a retrograde temperature regime
at shallower levels (Carten 1986; Dilles & Einaudi
1992). Stanley et al. (1995) have suggested that
although the main mass of the syn-mineral Lost
Horse intrusions lies in the northern part of the
Copper Mountain district, zoning of alteration and
mineralization indicates that the thermal center of
the system was located in the south, probably as a
consequence of the channelling of fluids along
major structures and of the morphology of the
Lost Horse complex at depth. This model, in
which pervasive Na-rich alteration formed early in
the centre of the hydrothermal system whereas
pervasive potassic alteration is more abundant and
intense, but contemporaneous with Na-rich
alteration, in the more peripheral part of the
system, permits the interpretation that Na-rich and
potassic assemblages formed in prograde and
retrograde temperature regimes, respectively. The
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spatial relationship between Na-rich and potassic
alteration may therefore reflect either deeper
erosion of the southern part of the district, or
lateral temperature gradients, or both. Intense
replacement of either the intrusions or the
chemically similar volcanic rocks by albite would
have effects similar to Reaction 1 and could
liberate significant amounts of K; the K could be
transported to the more peripheral parts of the
system for pervasive potassic alteration or, as a
more reasonable alternative, could be retained
locally for precipitation in overprinting, fracture-
controlled potassic alteration. Precipitation of Ca-
bearing minerals during both pervasive Na-rich
and pervasive potassic alteration would maintain
the mCaCl,/(mNaCl + mCaCl,) ratio in the fluid at
the low values necessary for continued feld-
spathization of either type (Orville 1972).

Locally superimposed upon the district-scale
zoning at Copper Mountain is the outward zoning
from pervasive potassic to pervasive Na-rich
alteration around individual Lost Horse dykes
(Fig. 8), and in alteration envelopes adjacent to
individual veins. This style of albitization is
interpreted to have accompanied decreasing
temperatures.  Albitization may be induced in
preference to K-feldspathization in a retrograde
temperature environment by a large decrease in
fluid pressure (Orville 1963), but such a pressure
change or gradient is unreasonable here. More
plausibly, the zoning pattern illustrates that, at
least locally, Na-rich alteration formed in
response to the liberation of Na and a decrease in
the molar K/(K+Na) ratio resulting from K-
metasomatism by a reaction similar to the
following:

5Ca(Fe,Mg)Si,O¢ (igneous cpx) +
10Na, ;Ca, sAl, sSi, sOg (igneous plag) + Fe;Oy
(igneous mag) + 4H,Si0, (aq)+ 1 1K'+ 18H &
2Ca,Al,Fe’*Si;0,,(OH) (efidote) + 11KAISi;04 (K-
spar) + SNa* + 6Ca’* + Fe** + 5(Fe,Mg)*" + 8H,0

C))

Reaction 4 would have results similar to
reaction 1 and would: (1) liberate Ca** for
precipitation in epidote, which is common in
potassic alteration at Copper Mountain, or as
diopside in the Na-rich alteration zone; (2) effect
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the commonly observed destruction of ma netite
in the potassic zone, and yneld both Fe’* for
epldote precipitation as well as Fe' ; (3) consume
H" and promote formation of calcite; (4) consume
H,SiO, (aq) and inhibit quartz precipitation; and
(5) lower the molar K/(K+Na) ratio in the fluid
and promote albitization. The resulting
albitization would, in turn, liberate small amounts
of K which could be incorporated in crosscutting
potassic-assemblage veins that fill fractures
formed by volume loss, as described above. At
Mount Polley, a similar but reversed relationship
between Na-rich and potassic alteration in breccia
fragments may have formed in the same fashion,
with the K necessary for potassic alteration in the
cores of the fragments being liberated by
albitization along the margins.

The temperature range attending Na-nch
alteration in alkalic systems is poorly constrained.
The albite commonly has chessboard twinning but
is not antiperthitic, indicating temperatures below
about 670 °C (Orville 1963); one feldspar
composition (Or;pAbgAng;) obtained from a vein
within albitically altered Sugarloaf diorite in the
Ajax deposit, however, is compatible with
hypersolvus temperatures. ~ Although minerals
suitable for fluid-inclusion analysis are largely
absent, Pan et al. (1994; personal comm. 1994)
reported temperatures of 2350 °C and salinities of
about 40 equiv. wt.% NaCl for primary fluid
inclusions in a single sample of scapolite from a
late-stage scapolite-K-feldspar-albite vein in the
Ingerbelle deposit at Copper Mountain. This late-
stage Na-rich alteration is interpreted to have
formed during thermal collapse of the
hydrothermal system (Stanley et al. 1995), and the
fluid-inclusion data may therefore place a (poor)
minimum temperature on the earlier pervasive
alteration assemblages. High temperatures are
consistent with the formation of pervasive
alteration within and immediately adjacent to Lost
Horse and Sugarloaf intrusions, and with the
sinuous, discontinuous character of associated

fractures.
Potassium-rich (Potassic) Alteration

Potassic alteration in alkalic deposits is
dominated by K-feldspar and/or biotite, is

Gl

commonly accompanied by abundant magnetite,
and usually has associated Cu-Au mineralization,
The style and mineralogy of potassic alteration in
alkalic deposits are very similar to those observed
in calc-alkalic porphyry environments, particu-
larly in comparison to Au-rich calc-alkalic
systems which also have high concentrations of
hydrothermal magnetite (Sillitoe 1979). The
common presence of epidote in the potassic
assemblage of alkalic systems, however, differs
from the typical potassic assemblage in calc-
alkalic deposits in which anhydrite is more
common as a major Ca-bearing phase. Anhydrite
is abundant only in potassic assemblages in the
Big Onion and Galore Creek deposits. In calc-
alkalic deposits, it has commonly been
demonstrated that potassic alteration formed at
temperatures in excess of 400 °C from fluids with
a large magmatic component. In the current
absence of applicable fluid-inclusion data, we
infer that potassic alteration in alkalic deposits
formed under generally similar conditions.

Calcium-rich (Calc-Potassic) Alteration

Calcium-rich alteration is most strongly
developed as a calc-potassic assemblage in the
core of the Central zone at Galore Creek, where it
grades outward to broadly coeval potassic
alteration (Enns et al. 1995). A similar but more
weakly developed relationship is found at
Lorraine (Bishop er al. 1995). In the Mount
Polley system, calc-potassic alteration overprints
early potassic and Na-rich alteration (Fraser
1994a,b). Although the Ca-rich assemblage in the
Rainbow zone in the Iron Mask system has not
been examined in detail, it may be similar to calc-
potassic alteration at Galore Creek and Mount
Polley. The following discussion focusses on
Galore Creek, for which alteration parageneses
and relationships have been most completely
documented.

At Galore Creek, alteration in the Central
zone is strong to intense and typically obliterates
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